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1 . 研究成果 の概要
1 . 1 はじめに
宇宙 の進化 と元素合成 の 究明は自然科学にお ける重要な課題で ある ｡ これに は宇宙物理
学 ､ 原子核物理学な ど様 々 な分野が関係するが､ 原子核物理学が重要な鍵 とな っ て い る｡
最近にお ける原子核 の微視的記述の進展 により ､ 宇宙の進化 にお ける核の 役割を正確に検
討でき る状況に なり つ つ ある ｡
質量数A - 56以上 の重 い元 素の 合成に関 して s 過程と r過程がよく知られ て い るが, こ
れらで は説明で きない , 陽子 を過剰に含んだ核種 が存在する こ とも知 られて い る ｡ これら
の核の 生成は ､ 陽子 の捕獲反応なかで も新星や超新星 にお い て起こ る水素の爆発的な元素
合成過程(rapid-pr oton c aptu re pro c es s,rp過程)の 可能性が指摘され, 陽子過剰核研究の
重要さが増して い る｡ 近年,短寿命核 ビ ー ム の 開発に伴っ て不安定核 の研究が進 ん でお り,
今後 の 陽子過剰核 の 構造 の研究が急務とされて い る｡
1 . 2 本研究課題の目標
本研究で は元素合成 に関与す る陽子過剰核の 構造を微視的理論に より調 べ , 宇宙にお け
る rp過程元素合成に 関わる種々 の 原子核反応の 可能性を研究する こ とを目的と した｡ 同
時に安定核や中性 子過剰核とは異なる陽子過剰核の さま ざまな特徴を明らか にす る こ と
を目指 した｡ 当初 にお い て は特に,
(a)軽い(p殻及び sd殻領域)陽子過剰核にお ける T ho m as- E hrm an シ フ トの 系統的研究,
(b)陽子共鳴状態か らの 陽子放出確率の 計算法の 開発,
(c) 諸 々 の obs去rv able(β崩壊確率や高ス ピ ン ･ アイ ソ マ - の性質な ど)か ら陽子 過剰 中
重核 の魔法数 を調 べ る こ と
に重点を置い て研究を開始 した｡
上記 の うち(a),(b)に つ い て は ､ 軽い 原子核合成にお ける rp過程の 存在可能性が背景に
ある ｡ 陽子過剰核 の構造は,ク
ー ロ ン 障壁の ため中性子過剰核 とは様 々 な違 い を持ち得る ｡
陽子過剰核 の特徴に は, ク
ー ロ ンカの 最低次 の効果だけで なく高次の効果も重要な寄与を
及ぼ して い る｡ 従来 rp過程に関与す る未知 の 陽子過剰核 の構造はそ の鏡映核 の もの で代
用され てき たが, 例外的に不
一 致な状態が存在する こ と(T ho m as-E h- a nシ フ ト)も知ら
れて い る｡ 最近我々 は こ の T bo m a s- E br man シ フ トに関す る新理論を提唱 し, ク ー ロ ンカ
の 高次の 効果が非常に大きな役割を果たすこ とを明らか に した ｡ こ の効果は s 軌道陽子 で
特に大き い ため ,rp過程元素合成の シナリオに大きな影響を与える可能性があり,系統的な
研究が望 まれ る｡ さらに,共鳴状態からの 陽子放出の研究もrp過程 との 関連にお い て 重要
で ある が,そ の 定量的評価 が容易でない ｡ 近年の dripline付近の核構造の理解や ､ 共鳴状
態に 関する理論の 進歩を生か して ,陽子放出確率の 計算法を確立す るこ とを目指 した ｡
1 . 3 本研究課題における主要な研究成果
(Ⅰ)軽 い陽子過剰核の 構造
陽子過剰核の 構造は, ク
ー ロ ン 障壁 の ため中性子過剰核 と は様 々 な違 い を持ち得 るo
陽子過剰核 の 特徴には, ク ー ロ ン力の 最低次の効果だけで なく高次の 効果も重要な寄
与 を及ぼ して い る ｡ 従来 rp過程に関与す る未知の 陽子過剰核の構 造は そ の鏡映核 の
もの で 代用され てきたが, 例外 的に不
一 致な状態が存在す る こ と(T ho ma s- Ehr m a n
シ フ ト)も知られ て い る ｡ 最近我々 は この T bo ma s
- E br m an シ フ トに関する新理論を
提唱 し,ク ー ロ ン 力の 高次 の効果が非常に大きな役割 を果 たす こ と を明 らか に した o
こ の 効果は s軌道 陽子 で特に大きい た め,rp過程元 素合成の シ ナ リオ に大き な影響を
与 える可能性があり,系統的な研究が望 まれ る｡
1. 軽 い 核にお ける T ho m as- Ehrm an Shift と有効相互 作用
荷電対称性 は核力 に成立 する重要な性質で あり､ 実際に安定核領域 の鏡映核 の
エ ネル ギ ー 準位 は ほぼ同 じとみ なせ る ｡ しか しながら安定領域か ら離れたれた
原子核の 構造が実験的に明らか になる にともない ､ 鏡映核 の レ ベ ル の 中で い く
っ かの レ ベ ル に関 して顕著なずれを 示 して い るもの が発見されて い る ｡ なか に
は 16N_ 16F 対の ように ､ 基底状態の ス ピン が異なる鏡映核も存在 して い る
このずれは T ho m a s- E hr m a nShi氏とよばれて い る｡ 本課題 にお い て 我々 は こ の
ずれの 原因が陽子過剰核 にお ける 叫2 陽子軌道の 振る舞い に あると して ､ 理論
的解析を行 っ た｡
まず陽子過剰核 にお い て ､ 1叫2軌道上の 陽子 の 動径方向波動関数に着目 し､ 束
縛 エ ネ ル ギ ー の減少に伴う､ ク ー ロ ンカに起因 した動径成分の遠方 - の しみだ
し効果の有効相互作用 - の影響を検討した｡ そ の効果 は ､ 弱束縛状態に なると ､
od5/2陽子 な どにくら
べ
､
1sl/2 で大きく現われ る こ とが示 された ｡ 我
々 は こ の
効果を1叫2陽子が関与する 2体の有効相互作用行列要素に redu c七ion facto r を
乗 じ､ より弱くする こ とで 考慮 でき るこ とを提案 した o
具体的に はp- sd殻核 を例 と し､
16N -16F の 基底状態をは じめ と した低 い励 起状
態にお ける エ ネル ギ ー 準位 の 大きな不
一 致を調 べ たo そ の結果 ､ そ れぞれ の核
にお ける 陽子 中 性子 間有効相 互作用 の 行列要素(Od5/20pl/2JIV,nlOd5/20pl/2J)
と(Opl/20d5/2J)V,nlOpl/20d5/2J)の 差お よび(1sl/20pl/2J]
V,nIIsl/20pl/2J) と
(opt/21sl/2J)V,nlOpl/21sl/2J)の 差を比較する と ､ 後者
の 差が著 しく大き い こ と
に依拠 して い る土とが､ 判明 した｡ す なわち(1sl/20pl/2JIV,nIIsl/20pl/2J) の
値を対応す る(Opl/21sl/2JIV,nlOpl/21sl/2J)の 約 0･8倍 した値とす る こ と で ､ p
殻核の T ho m a s- Ehr m a n shift を統
一 的に理解で きる こ とを示 したo さらに最近
明らか にされ た sd - 殻核 で は
18o- 18Ne に着目 し ､ J - 0＋ 状態の 統 一 的理解に
成功 した｡
従来 T ho m a s- E hr m an shift は エ ネル ギ
ー 準位にお けるずれを意味 して い た が ､
我々 は こ の 考えを.さらに発展させ ､ 状態関数 にお ける鏡映核間の ずれと して新
たに軽 い βd殻核現象を見直す ことの 重要さを提案する o た とえば鏡映核の
べ -
タ崩壊 にお けるf吉備のずれなど､ 陽子過剰核の 統 一 的理解の ため に検討す べ き
課題 と位置づ けて い る｡ これらに関 して は今後の進展を目 したい ｡
さらに,共鳴状態か らの 陽子放出の 研究もrp過程との 関連 にお い て 重要で ある
が,今回 の 研究課題にお い て は Co mplex s caling法 による検討 を開始は したが ､
具体的な陽子 放出確率の 計算は継続課題 とな っ た｡
2. ガ モ フ ･ テ ラ ー 遷移 におけるアイ ソ ス ピ ン 対称性の 研究
多くの 原子核の エ ネル ギ ー 準位から, アイ ソ ス ピ ン対称性 は非常 によい 近似的
対称性と考えられて い る ｡ 他方, T ho mas-Ebrm a nシ フ トの ようなアイ ソ ス ピ
ン対称性の 破れを表す現象を理解す る上 で , エ ネル ギ ー 準位だけで なく波動関
数の性質を反映 した他の物理量に つ い て も, ア イ ソス ピ ン対称性が どの 程度成
り立 っ て い るの か調 べ , アイ ソス ギン対称性をよ り精療に検証する こ とが望ま
れる｡ そ の 上 で , ミ ラ ー 核間の ガモ フ ･ テ ラ ー 遷移強度 は, 明瞭 で か つ ユ ニ ー
ク な手段を与える｡
最近 の 実験技術 の進歩に より, 荷電交換反応 によ っ て β＋ 崩壊に相当する陽子
過剰核側 か らの ガモ フ ･ テ ラ - 遷移強度が精密に測定で きるようになり, sd殻
領域等 で ミ ラ ー 核間の ガ モ フ ･ テラ ー 遷移強度 の比 較が可能 となり つ つ ある｡
本研究で は, 大阪大学理学部を中心 とする実験グル ー プ に協力 して , sd殻領域
の ミラ ー #, 26Al(
3Ⅱe,i)荷電交換反応実験デ ー タ と
26si のベ ー タ崩壊強度の 比
較, またそれらと殻模型計算結果との比較によ っ て , ガモ フ ･ テラ ー 遷移強度に
関するア イ ソ ス ピン対称性 に つ い て調 べ , 26siと2 6Mgに つ い て エ ネル ギ ー 準位
だけで なくガ モ フ ･ テ ラ ー 遷移強度 に つ い てもアイ ソ ス ピ ン対称性が よく成り
立 っ て い る と考えられる こ と, また荷電交換反応の 前方散乱強度とガモ フ ･ テ
ラ ー 遷移 強度がほぼ比例する ことを確認 した｡ 殻模型計算はガ モ フ ･ テラ ー 遷
移強度 の 実験デ ー タ をよく再現 して お り, こ の ミ ラ ー 核 に対す るアイ ソス ピ ン
対称性 を基礎 と した従来の核構造の 理解の 正当性を示 して い ると言 えよう｡ こ
れはまた, 陽子過剰核 に対 して 殻模型計算による研究を進 める基盤 の 一 つ を与
えたと見る こ と もできよう｡ 但 し, より 一 層陽子過剰にな っ た場合 にアイ ソス
ピン対称性 の 破れ が どう変化するか はまだ十分明らかで なく, 今後の研究の発
展が期待される ｡
また, ア イ ソ ス ピ ン の 異なる状態間の 磁気双極子遷移強度も, 軌道角運動量の
寄与, 及び 中間子交換流の 寄与を補正する ことができれ ば, ガモ フ ･ テラ ー 遷
移 と類似 の 演算子 に よ っ て起 こ る｡ 逆に, 上述の ように アイ ソス ピ ン対称性 が
よく成り 立 っ て い る こ とが確認 できた場合, 磁気双極子遷移強度をガモ フ ･ テ
ラ ー 遷移強度と比較す る こ とにより, 軌道角運動量の 寄与に関する情報が得ら
れる可能性 がある｡ (3He,舌)の デ ー タと既存の 実験デ ー タ を合わせ, また殻模型
計算の 結果 とも比較 しながら, 核子 の軌道運動の 寄与に つ い て も調 べ た ｡
なお, こ の 研究は上述の ように大阪大学理学部の 藤田佳孝民 らと協力 して行 っ
たもの で , 当該研究グル ー プは特に殻模型 に基 づく理論計算及びそれに基づく
議論を担当 した｡
(ⅠⅠ) 〟 - 82近傍の 原子核の 構造
1. Z = 64近傍 の 陽子過剰核 の 新たな措像の 確立
Kleinhein zらによ る陽子過剰な Z - 64核に関す る実験的研究に より ､ 1 46Gd は
2重 閉殻的様相 を示 して い る こ とが明 らか に され ､ さらに Z ≧ 64 の N- 82
核 は(Ohll/2)
Z - 64配位で 記述 できる とする考 えが ､ 標準的と され て い たo 特に
152y bにお ける J = 10十 う J - 8＋ の E2遷移確 率の 現象は ､ ∫ - 1 0＋ がセ ニ
オ リテ ィ にも とずく選択則か ら説 明でき る典型例 と して ､ セ ニ オ リテ ィ アイ ソ
マ - と して 分類され て い た｡
我 々 は こ の従来の 見方に疑問を抱き ､ 陽子過剰 な Ⅳ - 82核 の再検討を行 っ た｡
す なわち Z - 64 領域に存在す る O hll/2 軌道以外 の 2sl/2,1 d3/2 軌道 も取り 入
れたより 現実的な模型 で ､ 統 一 的に理解される べ き で ある と考えたo
そ こ で第 一 段階と して(Ohll/2,2sl/2,1d3/2)
Z ‾ 64 配位 を仮定 した より現実的な殻
模型を採用 し､ これ らの 核 の エ ネル ギ ー 準位 な らび に E 2遷移確率を まず計算
したo そ の 結果 ､ E2遷移確 率は Z - 72 核 で最低 となり､ 実験 と食い 違う こ と
を示 した｡ こ の 原因は陽子 間の 対相 関に より ､ ∫ - 10＋(152yb)にお い て 0九11/2
軌道 の 占有粒子数の 期待値 Ⅳ(0九11/2)が減少 し ､ 〟(0 九11/2)< 6 と なるこ とが 明
らか にな っ た｡
実験が示す 152y bにお い て N(Ohll/2) - 6を再現す るため ､ 従来2重閉殻核とみ
なし､ 芯と して取り扱っ た 14 6Gd の芯励起を考慮した殻模型計算に行い ､ 〟 - 82
核 にお ける 一 連の J - 1 0＋ 状態の 分析を行 っ た. その結果 ､ 芯励起を考慮す る
こ とに より ､ Ohll/2軌道の 占有粒子数 が増加 し､
152yb にお い て N(Ohll/2) - 6
を得る など､ エ ネル ギ ー 準位､ E2遷移に関 して の 統 一 的か つ 定量的な理解に成
功 した｡
こ の結論は従来の 陽子過剰 な Ⅳ - 82核 に つ い て の 認識 を大きく変えるも の で
ある. 特に従来の セ ニ オ リテ ィ アイ ソ マ - の概念 を より普遍化 した新 し い概念
ト 般化されたセ ニ オ リテ ィア イ ソ マ - + の 重要性 を示 し､ qu a si spin と の 関連
を明らか に した｡
2. 136Ba の新 アイ ソ マ - の 研究
132Te,
134Ⅹe
,
13 8ce の N - 80核 にお い て は いずれ も J - 10＋ がアイ ソ マ - と し
て 実験的に発 見されて い た｡ と こ ろが同 じ Ⅳ - 80核 で ある
13 6Ba で は ､ 実験
上の 困難さか らJ - 1 0＋ の ような高 ス ピン状態 の 生成 が難 しく ､ 未発見で あ っ
た｡ 最近 日本原子 力研究所 の 静間民 らの実験グル - プ は ､ 深部非 弾性反応 を用
い た実験 にお い て ､ 13 6Ba の 高ス ピ ン 状態の 生成に成功 し､ 3･357 MeV の励起 エ
ネ ル ギ ー 状態 として J - 10＋ を発見 した｡
さらに 7 - py同時測定に より ､ この J - 10
＋ の 寿命 が Tl/2 - 9 4 土10n sで ある
こ とが判明 した o こ の E 2遷移強度は ､ 近傍 の 132Teや 1
34Ⅹe の J - 1 0＋ の E 2
遷移とく ら べ ､ 著しく小 さく ､ きわ めて 特徴的な状態 で ある こ と が判明 したor
我 々 は理論的観点か ら こ の J - 10＋ の理解を試み た ｡
136Ba を含む Ⅳ - 80核
に対 して 13 2sn を芯 と した殻模型を採用 し､ 陽子 に対 して(Og7/2,1d5/2)
Z ‾ 50 - r
(2sl/2,Ohll/2,1d3/2)
r 配位 (こ こ で r - 0,1,2,3,4) を､ 一 方 中性子 に は
(1d3/2,Ohll/2,2sl/2,1d5/2,Og7/2)
‾ 2配位を仮定 した. 有効相互作用と して は 際 ト
陽子 間､ 中性子 ヰ 性子 間には SDIを採用 し､ 陽子 ヰ 性子間には ､ 最も陽子 系 -
中性子 系の相関に重要な4重極力(Q ･ Q力) を用い た｡ ハ ミル ト ニ ア ン行列の
計算に際 して は ､ 低 い励起状態に対す る影響がほとん ど無視できると考えられ ､
陽子系の セ ニ オ リテ ィv ≧5の 状態は除外 して行 っ た｡
そ の 結果 ､ 13 6Ba の 低い励起状態が再現され ､ ∫ - 10＋ は 3.32 MeV に得られ ､
2.94 MeV の J - 8＋ と合わせ実験との 十分な 一 致をみ た｡ 得られた波動関数か
ら､ E 2遷移に 関 して も､ 一 連の N - 80核 における Z 依存性 をよく説明 した.
特 に 136Ba の J - 10十蔽態は ､ 主と してJJp - 0･ × Jn = 10･)か らなる こ とが
判明 し､ また E2遷移 で 結ばれ る J - 8＋ は1Jp - 2＋ × Jn - 6＋)で ある こ とか
ら､ E 2遷移確率の 小ささが証 明で きた｡
(ⅠⅠⅠ) ドリ ッ プ ライ ン 近傍 の Cu アイ ソ ト ー プの構造
陽子 放出線(proto ndriplin e)近傍 の原子核研究には ､ そ の対極で ある 中性子放出線
(n e utr o ndriplin e)近傍 の原子核研究と密接なかかわりがあり ､ 多くの 示唆を得る可
能性 がある｡ 特に荷電対称性 にもとづき ､ 中性子過剰核 の構造か ら陽子過剰核 の 構
造に 関す る大ま か な情報を得 る こ とが可能で ある ｡ この ような観点か ら､ 我 々 は原
子力研 究所の タ ン デム加速器 を用い て行われた中性子数 〃 - 40近傍 の Ni領域 の核
構 造に注目 した｡
6 8cu の低 い 励起状態 は ､ J - 1＋(OkeV), J - 2＋(84:.1keV),J - 3＋(610keV), J -
6
‾
(721 keV)で ある こ とが実験的に明らか になり ､ 〟 - 40付近にお ける中性子 軌道
と してf5/2,Pl/2,g9/2が存在して い る状況が明らかになっ た｡ 特に第1励起状態J - 2＋
か ら基底状態 J - 1＋ - の M l遷移が測定され､ 遷移確率の実験値はJ(2＋llMl111＋)l-
o.197pn と ､ 単純な配位仮定7TP3/2L,Pl/2間の遷移確到(7TP3/2L,Pl/22＋IlM IH7rP3/2L,Pl/21＋)
o.46pn か らは大幅に小 さく な っ て い るこ とが示 された o
一 方 J - 1＋ の 磁気モ ー メ
ン トの 実験値 は 9(1＋) - 2･48FLn と ､ ほぼIm
-
p3/2L/Pl/2J - 1
＋)状態 で の期待値 に近
い こ とが判明 したo これらの値に統 一 した理論的解釈を行うため ､ 我 々 は現実的な
殻模型 にもと づき状態を予測 したo 計算は陽子 ､ 中性子 に対 して(p3/2f5/2,Pl/2)
n ＋
f7
1
2(p3/2f5/2,Pl/2)
n '1 配位 を仮定 したo そ の結果 ､ 遷移確率と磁気モ - メ ン トの 統 ‾
的理解に 臥 芯部 で あるf7/2 からの励起モ
ー ドを考慮する こ との重要性が示 された ｡
(ⅠⅤ)平均場近似 で の核 内有効相互作用 と不安定核の 殻構造
最近の 中性子過剰核 における新魔法数の発見により, 不安定核 にお ける殻構造が我々
の 従来の理解と異な っ て い る土とが明らか にな っ た ｡ これは核構造理解の 根本 に関
わ る問題 である と言 えよ う｡ そ の原因と して , 核子 が緩く束縛されて い る こと に よ
る効果や有効相互作用の 影響 などが議論 されて い るが , まだ明確 な答 えは得られて
い ない ｡ こ の研究 で は , 中性子 過剰核だけで なく陽子過剰核も含 め, β安 定線から
離れ た場合の殻構 造の 変化 を自 己無撞着な平均場近似により研究する こ とを目指 し,
有効相互作用 の検討や それに適 した数値計算ア ル ゴ リズ ム の 開発を行 っ た ｡
従兎 原子核 の平均場計算はゼ ロ ･ レ ン ジ に単純化されたSkyr me 型相互作用を用 い
て行 われ る ことが多か っ た｡ しか し, ドリ ッ プ ･ ライ ン近傍ま で を含 めた多様な核
に対 して , 単 一 の Skyrm e 型相互作用 で 十分か どうか は自明でな い o こ の 研究で は ,
核反応実験との 首尾 一 貫性や殻模型 と の対応等も意識 して , 有限 レ ン ジ相 互作用 を
含 めた様 々 な相 互作用 を扱う こ と を意図 し, それに適 したア ル ゴ リ ズム と して 少数
系 の 研究に用 い られて い る ガウ ス 関数展開法が平均場計算にも有効 である こ とを指
摘 し, そ の方法を定式化 した上 で プ ロ グラム を 開発 した｡ これ はまた, 緩く束縛さ
れた核 子 を扱うの にも効率的な方法で ある｡
さらに, 微視的な G行列 に中間子 交換の 描像を組み合わ せて 提案され, 核反応 の解
析等 に広く用い られて い る い わゆる M 3Y相互作用 を基に し, 核物質の性質等 からこ
れ を補正 した新 しい 有効相 互作用を提案 した｡ この 有効相互作用は , 二重閉殻の 原
子核 に つ い て は従来の Skyr m e 型あるい は Gogny型相互作用と ほぼ同様の 結果を与
え る 一 九 中性子過剰領域 で N F j16や N FY32 の殻構造が従来の 相互作用 と異な っ
て お り, 新魔法数 と矛盾 しない ｡ 不安定核 の 殻構造に対 して 一 定の 予言性 を持 つ こ
とが期待される ｡ しか し, まだ応用 され た範囲が限定されて お り, 今後パ ラメ
ー タ
の 数値 も含め様々 な角度か らより詳 しく検討す る こ とが望まれる ｡
(Ⅴ)殻模型 モ ン テカ ル ロ 法に よる陽子過剰核の 準位密度の 研究
中質量 Z Fj N 核 は, β安定線に比 べ て有意に陽子過剰側 にあ っ て , rp過程元 素合
成 の 経路となる痢 能牲 があり, rp過程元素合成の際の 反応率を知るためそ の 核準位
密度が非常に重要で ある｡ 核準位密度を理論的 に求 める上で , 微視的な立場 か ら殻
模型 に よる計算を実行す るの が望まれ る こ と, ま たそ の ために量子 モ ンテ カ ル ロ 法
( 殻模型 モ ンテ カル ロ 軌 略 して SM MC 法) が有効 で ある こ とは , 本研究の 研究協
力者で ある中田等が示 して きた通り で ある｡ しか し, SM MC法を応用する場合, 符
号問題 を避 けるため通常は有効 ハ ミ ル トニ ア ン の
一 部 を無視 して お り, そ の ためア
イ ソ ス ピ ン に よる エ ネル ギ ー 分裂を正 しく再現 できない と い う問題があ っ た . これ
は特 に Z 村 N 核 の 準位密度を計算する際に深刻 な問題 となり得 る｡
こ の研究で は, SMM C計算実行の 際に各サ ンプル に対 して アイ ソ ス ピン射影 を実行
す る方法を新た に開発 し, Z RjN 核に対 して アイ ソ ス ピ ン毎の 準位密度を精度よく
求 め る こ と に成功 した｡ さらに , ア イ ソ ス ピン に よ る エ ネル ギ
ー 分裂を実験値等か
ら評価 した上 で , アイ ソ ス ピン毎 の準位密度を加 え合わ せ る こと に より, 全準位密
度 に つ い て も信頼性 の 高い 計算が実行 できる こ とを示 した｡ 同時に, Orm a nd に よ
り 提案された摂動的な エ ネル ギ ー 分裂の補正が良くな い こ とを明らか に した｡
1 . 4 関連する研究成果
(Ⅰ)jj結合方式にもとづ く殻模型計算 コ ー ドの 開発
本研究課題遂行に不可欠な前提 として ､ 原子核の 微視的記述を行う最適な方法 で あ
る原子核殻模型 計算用プ ロ グラム コ ー ドの 開発がある｡ 少数多体系で ある原子核 は
2種類の フ ェ ル ミ オ ン 陽子 と中性子か らなる量子 系で ､ そ の粒子像 にも とづ い た記
述に際 して は パ ウリの 排他律 ､ 角運動量保存則 ､ 核子数保存則など基本的 に満 たさ
ねばならない 基本則が存在する｡ これ らを忠実に満 たし､ 未確定で ある有効相互 作
用に多様な仮定を可能 とす るのが殻模型で ある｡ 本研究課題 で 開発 した 殻模型 コ ー
ドはjj-c oupling に もとづく殻模型で ､ 後述するセ ニ オリティ概念が有効 に活用で き
る特徴をも っ て い る ｡
1. Ha milto n与a n
基本的に は陽子 ､ 中性子がそれぞれの 軌道空間にあると して い る｡ それぞれの
ハ ミ ル ト ニ ア ン を7ip ､ 7in お よび陽子 ヰ 隆子相互 作用を Vpn とす る と､ ハ ミ
ル ト ニ ア ン 7i は
7i- Tip ＋ un ＋ Vpn
こ こ で 7Lp は 1粒子 エ ネル ギ
ー
Ep(i)お よび 2体の相互作用 Vpp(i3
'
)を用 い て
7ip - ∑iEp(i)＋ ∑i#Vpp(ij)
と書け､ 中性子系 に対 して も同様に以下の ようになる｡
7in - ∑ien(i)＋ ∑i#Vn n(ij)
2. Ba sic Vecto rs
陽子 ､ 中性 子 に対 して それぞれ 6軌道まで の 空間を採用する こ とが 出来る｡ そ
れぞれ ､ jpl,jp2,jp3,3
'
p4,jp5,jp6 お よび ､ jnl,jn2,jn3,jn4,jn5,jn6 とす ると ､ 陽子
系の 基礎 ベ ク トル ､ 中性子系の基礎 ベ ク トル は以下の ようになり､
IckpJp) - )jp
n
l
Pl(αpュJpl)jp
n
2
P2(αp2Jp2)[Jp12]jp
n
3
P3(tkp3Jp3)[Jp12 3]
× jp
n
4
P4(α p4Jp4)jp
n
5
P5(αp5Jp5)[Jp45]3
'
p
n
6
P6(αp6Jp6)[Jp456]Jp)
lα nJn) - ljn
n
l
nl(αnlJnl)jn
n
2
n2(α n2Jn2)[Jn12]3
'
n
n
3
n 3(α n3Jn3)[Jn123]
× jn
n
4
n4(α n4Jn4)jn
n
5
n5(αn5Jn5)[Jn45]jn
n
6
n 6(αn6Jn6)[Jn456]Jn)
そ の結果 ､ 系全体を記述する基礎 ベ ク トル は
lαJ) - lαpJp x α nJn
'
‥ J)
となるo なお各軌道上 で の 量子数 αpl, ･ ･ ･ , α nt - にはセ ニ オ リテ ィ を含 ん で い
る ｡ した が っ て 後述する この セ ニ オリ テ ィ にも とづく状態制限が可能 となる ｡
3. Effe ctiv elnt,e raction
2体の 有効相互 作用 Vpp,Vn nVpn と して は各行列要素を数値 で 入力す る が ､ 標準
的なポテ ン シ ャ ル ､ すなわち中心 力､ LS力 ､ テ ン ソ ル カを､ 動径依存性 と して
yuka wa 型 ､ Gauss型な どをポテ ン シ ャル パ ラメ タ
- を用 い て 計算す る こ とも可
能 で ある ｡
4. Calclユ1a七io nofHa mil七omia n m atrix
計算対象 の原子核の ､ 芯 の 外側 にある陽子数 ､ 中性 子数 を指定すれば ､ プ ロ グ
ラ ム は自動的に状態を生成 し､ ハ ミ ル ト ニ ア ン行列の 各行列要素を計算 し ､ 格
納する ｡ この 状態生成に際 して は ､ 上記基礎 ベ ク トル に含まれ る量子数 (各軌
道 の粒子数 ､ セ ニ オリ テ イ) にもとづく状態制限の 導入も可能 で ある｡
5. Diagonaliza七ion
格納 された行列要素 を読み 取り ､ ラ ンチ ョ ス 法にも とづ い て 固有値 を最低固有
健か ら指定個数だけ求 め る｡
6. Calc ulation ofn ucle ar property
得られた波動関数を用 い て ､ 電磁遷移確率 ､ ベ ー タ崩壊行列要素､ 1核子移行
反応にお ける spe ctrosc opicfacto r､ などの物理量 を計算する ｡
(ⅠⅠ)重要な原子 核構造研究課題
へ の 応用
本研究課題遂行上開発 した上記の プ ロ グラム を用 い て ､ 核物理上きわめ て重要 な課
題 にも応用 でき ､ 注目され る結果を得る ことがで きた ｡ 本研究課題の 成果の
一 つ と
位置づ け､ そ の概要を以下に記す｡
1. ハ イ パ ー 原子 核 - の応用
従来 ハ イ パ ー 核 の生成に は(K
-
,
7Tl 反応や(7r＋, K 十)反応 が用い られて い た o
これらは運動量の 小さな A の生成 な ど, ハ イ パ
ー 核研究上の利点あるが ､ 入射
粒子 の 強度が得 にく い とい う大き な欠点があ っ たo そ こ で これらに代わ る新た
なハ イ パ ー 核生成可能性 と して ､ 電子加速器を用 い た(e, e
′
7)に よる ､ (7,∬＋)
に よる反応 が考えられ る ｡ すなわち
(7,K十)‥ p(u ud) ＋ 7 → A(uds) ＋ K
十(u言)
反応である ｡
こ の反応 で は核 に持ち込む運動量が大きく ､ しか もス ピン反転依存性も大きく ､
従来の低ス ピ ン状態よ りも ､ 高ス ピン状態が強く励起 される こ とが予測される o
例 えば陽子 I(Od5/2)芸J - 0')が1(Od5/2)芸･(Od5/2)AJ)状態が生成され る とき ､
J = 5＋ 状態生成確率が大きくなる こ とで ある｡ そ こで我々 は元場俊雄民らの研
究グル ー プ と共同で ､ い く つ か の 原子核を標的に した(7,K
')実験を行 っ た場
合 の シ ミ ュ レ ー シ ョ ン 計算を行 っ た ｡ 特に実験可能性 が高 い ､
28si(7,K＋)㌘Al
過程の 検討を行 っ た. 始状態の
28si(J - 0
＋)と して(O d5/2,1sl/2,Od3/2)
12
､ 生成
される ハ イ パ ー 核
28AIA と して(Od5/2,1sl/2,O d3/2)
ll
×(od5/2,1sl/2,Od3/2)A を仮
定 した殻模型計算を行 っ た｡ その 結果を用 い て E7 - 1･3GeV にお ける励 起関数
を求め ､ 実験可能性 を示 した｡ これにより ハ イ パ
ー 核研究の 新局面の 展開が期
待される ｡
2. 乱雑な相互作用 問題 へ の応用
偶イ掲核の 基底状態の ス ピ ンは例外なく J - 0十 で ､ これは核子間に働く対相互作
用の影響と理解されて い た. すなわち同種粒子 間に働く相互作用(j2:J[VT= 1Ij2 :
∫) で J - 0要素が他の 要素 とくら べ 大きな引力傾向にあるか らで ある｡
とこ ろが C. W .Jobns o nらは 2体相互作用と して 乱数を用い た場合で も､ 統計的
な分析 を行うと ､ ∫ - 0＋ ス ピ ン状態が基底状態となる確率が ､ 他 の ス ピ ン状態
が なる確率とく ら べ ､ 著 しく大きい こ と を示 した｡ これは J - 0＋ 基底状態の
出現が ､ 対相互作用の みに依拠せず､ 空間に秘め られた幾何学的な要因にもよ
る こ とを示唆 して い る と して ､ 大 い に議論を呼んで い た｡
これに関 して Zha o- Arim aの研究グル ー プ は ､ j
n 配位 などの簡単な核状態 に関
す る考察を行 い ､ 同 じような結論を得て い た｡ これに対 して我 々 研究 グル ー プ
は ､ より現実的な配位､ すなわち陽子 ヰ 性子 系でそれぞれが複数軌道空間上 に
ある場合 で の 検証 を提案し､ 開発 された殻模型計算 コ ー ドを用 い て 共同研究を
行 っ たo 具体的には sd殻の 特定核 に つ い て ､ 乱数表にもとづ い た乱雑 な相互作
用 を用 い て 全 ス ピ ン状態の 固有値計算を1000回線り返すな どの 計算が行われ
た. そ の結果 ､ 確か に J - 0＋ 基底状態の確率的多さが確認 できたo さらに これ
らの J = 0＋ 状態の 波動関数を分析 した と こ ろ ､ 本来対相関から予測される セ
ニ オリ テ ィv = 0 が主成分では なく ､ 混合 した各状態の セ ニ オ リテ ィ の 平均値
は ､ お お よそ γ - 4 で､ 対相関に よる J - 0十 とは全く別状態が基底状態に なっ
て い る こ とが明らかに された｡
また乱雑な 2体相互作用 を用い た殻模型 計算におい て ､ ハ ミル ト ニ ア ン行列の
対角要素の 平均値 E(J)を調 べ たとこ ろ ､ E(J)∝ J(J＋1)が成り立 っ て い る こ
とが導かれた｡ これは対角化以前の 段階で ､ ∫ - 0＋ 基底状態優位性が現われて
い る こ とを意味 し ､ 今後の研究にきわめて 大きな影響を及ぼすもの と思われる ｡
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P 比Y SIC A L RE VI月WC 6S, 01431 6(2003)
E artr e e- Fock ap proachto nⅦ clea r m atter and 丘nite n Ⅶclei with M 3 Y-type
n tlCeon - n Ⅶcle o ninteractio ns
比 Nakada*
Depa rlm e nlofPhyLYics･ Fa '7JJly q/Scien ce, Chiba Univ erL,･ity, Yayoi- Ohoi-33, Inage, C hiba 263-852 2, Japa n
(Rec eiv ed 7 April 2 003;published30July2003)
Byintrodu cing a den sity
-depende血 co ntact ter m, M 3Y-吋peintera ctio n s applic able to the 土ia rtree-Fo ck
calc ulatio n s ar ed v eloped･ h orderto vie wbasic char acters of theintera ction s, w e c arry olltCalctllatio n s on
the u nifTo 皿 n u Clea r m atter as w ellas o n s ev eral do ubly maglC n n Clei･ltis sho w nthat apar ameter setc alled
M 3 Y-P 2 des cri bes v ario u spr ope rties si mi lary w ellto the Sky皿 eSLy5 and/orthe Gogny D IS intera ctio n s. A
r e m arkabledi 飴re n ce丘o mtheSLy5and DISinteractio n sisfotlnd in the spin-is ospinpr opertiesh the n u cle ar
m atter,to which the o n かPIO n- ex change potentialgiv es a signi丘ca ntcoJmi bution. A ffecthgthe shgle⊥particle
e n ergies, 也is differe n c e m ayplay a c erta血 role in the n e w m agl C m血bersinun stable 皿 Clei.
D Ol:10.1103/P hysRevC.68.01431 6 V A C Sn u mber(s): 21.30.Fe, 21.60.Jz,21.65.＋f,21.10.Dr
l. IN T R O D U C T IO N
Va dous models fo r nu clea rs 加 ctu rehav ebe endeveloped
in o rderto studylow e n e rgy phen ome na of the ato mic n u-
clei. Wher e as straightforwa rd applicatio n ofthe bar eN N in･
tera ctionis yetli mited o nlyto light m lCei[1], the Ⅱucle ar
stru ctu re see m sto be well de s cri bed by relatively simple
effectiveinte ra ctio n s atlow e nergleS. Al thoughthe effective
intera ctio n s maydependo nthe m odels, there should beba sic
char actersin the e.Lfective interactions for the low en erg y
phe n o m e n a, irrespe ctive ofthe m odel. On the other hand,
sinc e thein ventio n of 血e sec o ndary be am techn ology, ex-
perim en tal data o nthe unstable n u clei hav edis clo s ed n ew
a spects ofthe n u clearst ru cttLre . Arem arkable exa mpleisthe
dependen ce ofm agic nTmb
erson the neu tr o 皿eX CeS S[2]･ h
regard to the n e w m agi c n umbers discovered near the n etl-
tro nd ripline, aqtleStion ha sbe en rais ed o n a char ac ter ofthe
efFective inter ac tions relating to the spln･is o spln 且ip
m ode[3].
M ean-丘eldthe orie shave s u c ce ssfu llybe en appliedto the
nuclear st ru ctl u eProble m s, in pardcularfTor stable n u clei.
They are also us efu lto in v estlgate basic chara cters ofthe
efFec tiveinter a ctio n s. How ever, not many effec tive intera c-
tio ns ha.ve be en e xplo r ed for the n u cle arm e an
-丘eldcalcula-
tionss ofar. The S kym einter action[4]hasbe en po
l
pularin
the H artr e e-Fo ck(H F) c alculation s, sin ce the zer o-range
for mis easy to handle . A m o ng a limited numberof 五nite-
range inte r a ctions, the GogⅡyinteraction[5]is widely 甲
-
pliedto the me an- fieldcalc ulations, in which the Gausslan
fo rmis a ssu med for the c e ntr alfo r c e. T he par a m eter sets,
both of the Skyrm e a nd GogrLyinteractio ns, have be en ad-
ju sted m ainlytothedata o丑 the n tl Clei aro undtheβstability･
Itis n ot obvio u swhether the a v ailable pa ram eter s ets of
theseinter a ctio n s ac c ollntfo r也e new m aglCn umbers pr op
-
erly.
h o rde rto e xploitefFec tiveinte ractio n sapplic able alsoto
tmstable nu clei, guide &o m mic ro苧COPic theorieswi ll beim
-
portan t. Bru ec血 er
'
s G m atrix has be en a slgni丘ca ntclue to
*Em ailaddress: nakada@fa ctllty.chiba- u.jp
0556-2813/2003/68(1)/014316(14)/$20.00
s山dies 払 出s co ws e･ A l也o 喝b micro s c oplC 叩prO a C血esⅦs 一
皿 g the a m atrixhave n otyetbe en s u c c es sfu l irk rePr O血 cing
the sa加 ation properties, n otable progress has be e n made
r ec en tly･ h the shellm odel ap pro aches, microscopic efrec-
tiveinterac tionshavebee n show nto reproduc e obs er ved lev-
elsrem arkably well[6]. Itshould be n oted,how ever, thatthe
shellm odel interactions a re u sallyspecific to m a ss r egion s,
a ndtheirglob alchara ctershave notbe e ndism s sed hdetail,
despite s ever alex cepdons[7]. T he s o･ca11ed M ichiga皿thre e-
raJlge Y 止aw a(M 3 Y)inter a ction[8]hasbe e nderived 丘o rn
the ba reN N inte rac血 n, by.Atting the Yb kaw a血皿Ctions to
the G･ m abix. Repr es ented by the s un of the Ytlkawa func-
tions
,
the M 3 Ytype hter a ctio n sw nl betractable 血 various
m odels ･ 工t hasbe en show n thatthe M 3 Y inter action gⅣe s
m atrix elem ents si mi 1ar to reliable shellmodelinterac tions
[9]･ M ore oveち witha c e rtain m odiRcation, M 3 Y- typeinter
ac tion shave stlC CeSS血11y be en app正ed to n u cle arre a ctions
[10]･ Byu sing a rece ntlydevelopedalgodthm[11], aclass of
the M 3 Y-typeinterac tion sca nbe applied als oto the m ean一
点eldcalculations. Under su ch circu mstanc e s, it will be of
interest toe xplore M 3 Y
-typeinte ractions and to hvestigate
their char acters h the m ean-field 丘amewo rk･ h th is paper,
we shall develop M 3 Y-ty peinter ac tio n s and in vestigate their
chara cters via the H Fcalc nlation s.
n. M O D IFI C A TI O N O F M 3 Y m T E R A C T1 0 N
NTICle ar effe ctiveliamiltomian c o n sits of the kin etic en-
e rg yandthe efFec tiv einte ra c也o n,
H - K ･ V; K
-写真, v -Ej Vi,I (1)
Her eia ndjare theindic e s of individt1aln ucle o n s. 1t wi 11be
nat ur alto as su m ethe effec tiv einter ac tion ”
)
･
jtO be tran sla
-
tion ally inv arian t, exceptfo rthe densitydependen ce m e n-
tioned belo w. We c on siderthe efFec tiv einter a ctionhaving
the follo wing fo rm:
u12
- ”(I?＋u(Its)＋ D(1㍗)＋ v(1r),
68 0143 16-1
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u(1g)- ∑(tSE)psE＋ iTE)p,E＋t S O)ps｡
〃
十tf2T O)pT.)j5,c)(,12),
”(1tS)- ∑(itLSE)pTE＋ tSLSO)pT｡)jllLS)(r12)L12･(sl＋ s2),
〃
u(I昔N)- ∑(tT”E)pTE＋i/(,T W O)pT.)fl.T ”)(r1 2)r子2S12,
〝
u(,?D)- i(D D)(1 ＋x(D D)pq)[p(rl)]α∂(r12)･ (2)
T he relative c o ordin ate is de n oted by r12
- rl
-
r2 and r12
-lr1 2卜Corre spo ndingly, the relativ? m om en tu mis d 血ed
by p12
-(Pl - P2)/2･ L12is the r elative O rbital angular m o-
m enm m,
L12
= =r12× p12, (3)
sい S2 are the n ucle o n spm ope r ators, a nd S12is the ten sor
operatoち
s12
- 4[3(sILi12)(s2 ･;12卜 sl ･ S2]. (4)
I/7(r12) represe nts an appropriate function of r12, the s ub-
script” coITe SPO nds to thepar am eter atta chedtothe function
(e.g. , the ra nge oftheinter a ction), and l〝 is the co efRcie nt･
Ex a mple soffn(r12)arethe delta,the Ga u s s, andthe Y hkawa
functions. Pq (P,)denote sthe spin(is o spin)exchange op-
erator
, while PsE, PTE, Pso, and PTO a rethe projection
operatorso n the singlet
- even(S E),triplet- even(T B), singlet-
od d(SO), and thplet-od d(T O)two十Pa rticle state s, re spe c-
tively, which are defin ed by
Ps E
=
Ps o
=
1 - P
o
･ l ＋P
T
2 2
'
i - P. ,1
- P
T
2 2
'
PTE
=
PT O
-
1＋ Po･ 1
- P ,
2 2
1＋ P
o
･ l ＋ P
,
2 2
- (5)
T he n u cle on den sityis den oted by p(r)I T he odg血al M 3 Y
intera ction is repre s en ted in the for m of Eq･ (2), with
fn(r12)- e
‾
P ”r12/FLnr12 and D
(
lr)- 0. As dism s s ed in Ref･
[11], theSkyrme and the GogEyinteractio ns are obtainedby
settingfn(r12) ap pr opriately, e xceptfors o甲e Pa r a m eter Sets
ofthe S kyrm e inte raction in which ce rtam te rms a r eex -
pres sed onlyin the density
- function al fo rm ･
T he sa turatio nof de n sityand e n e rg yis abasicpropertyof
nuclei･ h developing effective interac tio n s adaptable for
m any nu clei, 1tis r equiredto repro 血 c ethe s atu r ation prop
-
erty･ Ho weve r, the non relativistic a m athxfails to reprodu c e
the s aturation at the right density and e n ergy･ T her efore, it
w丑1皿Otbe ap propriate tou s ethe a matrix for H Fcalcula
-
tion s withm t any m odification, al though s ever al H Fap
-
pro a che s u s皿g m te raC tio n sderiv ed 丘om the a m
atdx w ere
tried in e arlier studie s[12]. T he M 3 Y intera ct
.
ion w a s ob-
tain ed so that the G m atrix at a c ertain de n slty C O11d be
repr o血 c ed by a snm ofthe Yd kawa fun ction s･ The M3 Y
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inte ra ction glVeS nO Saturation po m t within the H Ftheory,
unle s density depe nde n c eis taken into ac co un texplicitly.
R Lo a et al. applied the M 3 Y inte ractio n to n ucle a r r eac tions
in the folding m odel, by m ak hg the c ouplhg c o n stan tsde-
penden to n de n sities[1 0]. T he exchange te rm sare tre ated
ap pr o xim ately･ Ho weve rthe e xchange te rm s m ay c ontri bute
slgni丘c antly to the nucle ar st ructu r e･ We here ke ep the c ot1
-
pling c onsta nts in v
(
1?independentof density, w hile intro-
duchg a density
-depende nt c o ntac tinteヲaction[u
(
lr)in Eq･
(2)], asin the S kym e and the Gogny lnte r aCdons. We c an
血en tre at 血e ex cha nge(i.e. , 血e rock)te n se x ac tly wi 山 地e
ct7u ently av ailable c o mpute rs. 工t shoul d be m emio n ed that
血e re血a sbe e na且 血terest mg attempt to ap proximate 血 e ex-
change te rm softhe inte r ac tion in the density- matrix expa n-
sion[13], altho ughthe ac c u racy ofthedensity- m atrix e xpan -
sion Sho uld be che cked car efu lly.
We start 丘o m the Paris-potentialversio n ofthe M3Y in-
ter a ction[14]･ T his originalpar ameter set with n ode n sity
depe nden c eis here after c alled
”
M 3 Y-P O･ ” We shallm odify
th is interactio n s o a sto reproduce the s atu r atio n properties.
h the isotropic u ni
'fo m n uclear m atter, m a出Ⅹ elem ents of
v
(
l!S) a nd ”(1㌢) betw e e n the H Fstates vanish T herefore
D(1冒)＋ ”(1r)dete rmin e sthe buk properties s u ch a sthe satu-
r ation . T 血e r a工場e paramete rS 血
･ 血e Ⅵ1kaw a 血皿Ctio n s
j(n
C)(,12)- e
-
FLHr12/pnr12in 哨) ar eFL｢1 - o.25, p2
- 1
- o.4,
and FL3
- l
- 1･414fm in the M 3 Y inter a cdo n, which corre -
spo nd to 也e Co mpton w aveleng血5 0f me so ns wi血 ma s s e s
of abo山 79 0, 490, 弧 d 1 4 0 MeV;re spec也vely. W e do not
change the s eparameters. Fo r the longe sトr ange pa rt (n
- 3), the coupling c onstants t皇sE), l皇TE), f皇s o), andt皇TO)ar e
血 edto be 血o s e of the o n e-pio n- e xcha ngepoten ti al(O P E P),
a sin M 3 Y-P O. T heinterac tion ”
(
lgD)in Eq. (2)a cts o nly on
the S BandT Echam els
,
”
(
lr)- i(D D)(1 - x(D D))8(r12)PsE
＋t(D D)(I＋ x(D D))6(r12)PT五. (6)
M icrosc opic investigatio n shave shown that the de n sity de -
pendence of the T Epa rtispri marilyresponsiblefo rthe s atu -
r ation[1 5], a s ahighe r1 0 rde r efFectofthetensorfor ce. While
theinteractio nin the S Echa n n el is attractive atlow densi-
ties
,
itals oha scertain de n sitydepe nde nce originatingin the
strong short
-r ange repulsio n. Thus, a po s sible w ay of m odi-
fyingthe M 3 Y inter acdo n m aybeto repla c e a丘ac tio n ofthe
repulsio nin the S Eand T Echa皿 els by ”
(
lr).
h ad diton to the s atLm tio npropertie sthat ar e r el vant to
the ce ntral fo r c e, the spin
- orbit(LS)splittingis signi五c a ntin
de scribingthe shellstructu r e ofn u clei. W hile t rue o rlgm Of
the L Ssplitting is not yet obviou s[1 6], L Ssplittings ob-
tain ed &om 比F calculatio n s withthe G matrixinte ra ctio n ar e
to osm all,in c omparis on with the obs erv ed one s. Fr om the
H Fcalculatio n sfo r b ite n uclei, w e find that”
(
l!S) should be
abo ut twice a s strong a sthat of M 3 Y-PO to r epr oduc e the
obs erved LS splittngs･ T he te n s o rfo rce in flu e nce s the
ordering of the single
-
pa rticle(s.p.) orbits. To reproduce
the obs erved o rdering, ”
(
1㌢)sho uld be s m alle rthan that of
O1 4316-2
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M 3Y-P O, Wehereintr odu ce a no ve rallenhancem entfactorto
u(1;S) and an o v eral 1re血 ctionfa ctorto ”(l㌢), a S wi ll be
shown in See. V.
h thispaper we sh alluse t wo param ete r s etsfor modi丑ed
M 3 Y血te r a ction,
"
M 3 YJP l” and
"
M 3 Y-P2,
”
血 order to
show se n sitivityto thepar am eter sfo r so me results. h M 3 Y-
Pl, w e r epla c ethe shorte st
- range (n - 1)repulsive par t of
”
(
1冒)by ”(1gD)in asimple ma 皿er. We reduce bothi(1SE)and
i(1
TE) by a single fact or, ke eping the S E/T Eratio in ”
(
1gD)
equalto i
(
1
S E)/i(I
T丘)in M 3 Y-P O, byimposmg
∫(
DI〕)=
i(I
T丘)
- i(l
S E)
i(1
T E)＋i(1
SE)
▲ (7)
T he reduction fa cto r a nd i(D D) ar edeter mined s o asfor the
s attm tiondensity a nd energyh the nuclear matte rto be
typicalv alues, aspresented in the following s ection. C har ac-
ters of M 3 Y-Pl wi ube in v e s也gated in the nu cle ar m a tter.
Altho ughthis m od姐cationis to o sim ple to reproduce pr op-
ertie sof'Bnite nuclei,the M 3YIP 1s et will be use
'fu1 to clariB,
what char acters aris e&om the or lgmal M 3 Y inte raction,rela-
tively 血se n si也ve to 血母 p血enom enological m odi丘catio n. In
the M 3 Y-P 2set, antu paramete rsbelo ngingtO the n= I and
2 cha mels in ”(1? are Shifted 丘o m those of M 3 YJPO. A ト
thoughw e have thr e e ra nge sin v(lg), the m mber ofadjust-
able par am eter sis n ogre ater thanin the GoBny Intera ctio n,
sin c ewe fiⅩ the O P E Ppar t･ W e 且t tho s eparameters, together
with the enhance me n tfac torfor ”(1!S) and the reductionfac-
t orfor”
(
1TJ), lo the binding en e rgie s Of se ver al doubly
magl C n Clei. T he re s山ta山 v alue s of 也epa ra m et rs will be
sho wn later.
111. P R O P混R T IE S O F N U C L E A R M A T T 丑R A T A N I)
A R O U N D S A T U R A T IO N P O I N T
Ba sic cha rac ters ofn u cle a r effec tive interactions c anbe
discuss edviaprope rtie s ofthein血ite nuclear m atter;inpar-
ticular, prope rtie s at and a ro und the satu ratio npolnt･ h this
s ectio n we in ve stigate char a c ters of the M 3 Y-type inte r ac-
tio ns via the 皿 Clea r matter proper也e swith in the E F也e ory･
h c ompariso n,
.
we also dis cu s stho s e of the S kym e a ndthe
GogHyinterチch
ons ･ We u s ethe D ISparam ete r s et[1 7]fo r
the Gogny m te ractio n. h m o st of the Skyr me 王肝 ap-
pr oaches, the L Scu rre nts ar 1Slng &o m the m o mentum depen
-
den ce ofthe c e ntr al fo rc ea re Ign o red, a ndthe pa ram ete rs ar e
adjusted withotlt their co nbiblユtion. A ltho ughthis treatme nt
occasio na止yimpro ves s o m e char ac ters oftheintera c血 ns, m
this pape r we woul d fわc u s o n chara cte rs of the tw o
-body
inte ra ctio n s, rather than those of de nsity fun ctionals. Fo rthis
re a s on w e adopt the S Ly5 set[18L which is devis ed fo r
calc ulatio n s血cluding the L Sc11汀en tS.
h the H Ftheo ry ofthe n u cle ar m atte r, the s.p･ w a ve 負m c
-
tio n s c a nbe take ntobe 血母 plm ewa ve,
pkq T(r)-ie}
'k･ r
xげX, A (8)
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Here xo,(x,)de n ote sthe spin(is o spin)w ave 血nction, and
flindic ates the v olum e ofthe system, fo rwhich w e w丑1take
the 血 - 00 1imit afterw ard･ T he sIP ･ energ yfor this stateis
de五n ed a s
k
2
E(kq T,- 詔
.志 q?T2lk2<kF13q2d3k2
×(如 ･T,k2q27T2Jv12Jk m ,k2q2T2). (9)
En ergyofthe m clear m atteris expre s s ed by a 魚mction of
densities depe nding on the spin and the isospin, pT q(丁
=
p,”; q = †,↓)･ T he density variable scan be con vertedto
the t otal de n sity p- ∑o･ TPT q' a nd the spin - and is o spin
-
asyrn metry para m eters
芸qp -
叩.y =
甲L
=
甲.†E
=
β
芸TPrq
Pl'T
-
Ppi＋pn r p〝1
P
PpT＋ ppL
-
PnT
-
Put
P P
;, q TPT q ) pT - Ppi - 7 nT.Pn .i
β β
(1 0)
where q(T)in the su m matio ntake s ±1, co rre spondingto
q = †,↓(丁 ≡ p,”)I By as su m血g that the s:p･ states are occu
-
piedupto-the Fe rmim omenttrm ,the densltyisrelated to the
Fe rmi mo m enね m for e ach spin a nd is o spm,
pT q
-&kiT q･
T he totalen ergyofnu clear matteris givenby
E - 志q7T,lk. q T.”.d3kl&
f1
2
＋
2(27T)6 o･lO･TTIT2
∑ Ikl<kFT.q .d
3
kl[k2<k”
2
q
2
d
3
k2
(ll)
×(klqlTl,k20･2T2Jv12lklLTITl ,k2q2T2). (12)
As alre ady po 皿ted o ut, o nly ”
(
l冒)＋ ”(.r) c o ntribute sto the
e n e rgy ofthe isotropIC 皿 Cle ar m atter. h Appe ndix A, se v-
e r al fo rm ulas on the H Fen erg yof the nu cle ar matte r are
derived fわr interactio n s e xpres s ed in the fo rm of Eq. (2),
withgenerala nd typicalj(n
C)(,12). T he n ucle ar m atte r ener-
gie s ar eCalculated for the Sk ym e a nd the Gogny m tera c-
tio ns, as w eu as fb∫ the M 3 Y-type 血te r actions, by u 血g
the s efo rmula s.
h the spin
- S atu r ated sym m etric n tLCle ar m atter, w eha v e
7s - 77L - 7･-∫- 0, which indic ates kFpT
- kFpl
- kFnT
- kFnl
a nd pp†
-
ppl
=
Pn†
-
PJl
-
P/4･ h this c a sew e de n ote the
01 4316-3
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FI G･ 1･ En ergle Sper 皿 Cle onS
- E/A in 也e sym m etric n u clear
m atte r 払r se v eral efFe ctiv e 血tera ctio n s. The th ick dotted, dot-
dashed, ands olid lin es repres ent the results widlthe M 3 Y
-P O, M 3 Y-
Pl, and M 3 Y-P2 intera c也o n s, re spe ctiv ely, wbile the 血h dashed
ands olid lin es represent tho s e with the SLy5 and D I S intera ctio n sI
Fe rmi m omen tum simply by kF . T he lowe st e n erg yfora
glVe nP nor mally oc c ursalo ng thisline ･ T he s attrra tionpo int
is obtain ed by minimizing the energ y per n u cle o nf- E/A,
芸[
.Sat.
- 0, (13)
whichyieldsthesattm tio ndensitypo(equivalen tly,kFO)and
energ yどo. Figure I ilhstrate sE a s afun ctio n ofp for the
s ymm etric ntl Clear matter withthe M 3 Yty pe a s w eb aswith
the S Ly5 and D I Seffective inter a ctions ･ We set M
= (Mp
十 M
n)/2, whe r eMp(M u)is the m e as u red ma s s ofa pr oto n
(a ne utro n). T he param ete rsfor ”
(
1E) a nd v(lT) of the M 3 Y-
ty pe inter a ctions are listedin Table I･ As m eⅡtio n ed above,
the M 3 Y-P O interaction give s nO Saturatio n point･ We do
TA B L E i. Par a m etersofc entral fo rc es(in ch d ing ”(.T))in the
o riginala nd m odi 鮎d M 3 Y interaction s･ Se ete xtfo rtheJLn Para m-
ete rs_
par am eters M 3 Y-PO M 3 Y-P1 M3 Y･P2
fis E)
JiⅧ)
Jis o)
I(l
TO)
t皇sE)
J㌘
t皇s o)
J㌢0)
1皇sE)
1皇T E)
t皇s o)
t皇T O)
α
t(I)D)
x(D D)
M eV
M eV
M eV
M eV
M eV
M eV
M eV
M eV
M eV
Mew
Mew
M eV
(MeV 蝕)
114 66
13 967
- 141 8
1134 5
- 35 56
- 45 94
9 50
- 19 00
- 10.463
- 10.4 63
31.3 89
3.488
859 9.5
104 75.2
- 141 8
11 34 5
- 35 56
- 45 94
9 50
- 19 00
- 10.4 63
- 1 0.4 63
31,38 9
3.48 8
1/3
1 212
0.09834
0
8027
80
190
;0
1]
i8
2
6
- 】
3 00
880
-4 266
273 0
- 780
- 1 0.463
- 1 0.463
31.389
3.4 88
1/3
1320
0.7257 6
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T A B L E ll. Nl Cle ar m atterproperties atthe s 血 atio npoint
M3 Y-PI M 3Y-P2 S Ly5 D I S
kFO
Eo
K:
Mo
*/ M
α
J
a
.I･
α
.l
･
J
(fm)
(M eV)
(M eV)
(MeV)
(MeV)
(MeV)
1.35 8
- 1 5.99
225.7
0.641
30.35
2 0.81
3 7.63
1.340
- 16.14
220.4
0.652
30.61
21.19
38.19
1.334
- 15.98
22 9.
0.697
32.03
3 7.47
15.1 5
1.342
- 1 6.01
202.9
0.697
3l,1 2
2 6.1 8
29.13
have s aturation pomts in M3Y-P l and M 3 Y-P 2o w ing tO
”(lr). D ifferen ces am o ng the satw atmg fo rc e s, i.e. , S Ly5,
D IS, M 3 Y-P l, and M 3 Y-P 2, ar es m allat p≦ po. At rela-
tively high density(p≧ 0.3 fm
‾ 3), the M3YJP l and the
M 3 Y-P2 intera ctio n shav elo werEthanSLy5 and highe rthan
D IS. T he vah es of kFOandSo ar etabulated in Table Ⅱ. The
M 3 Y-P I set has be en dete mi ed so a sto give kFO
- 1.3 6 fm andEo= ゴ16 MeV .
h Figs. 2 and 3, c on tributio n toど 缶o m e a ch ofthe SE,
T E
,
SO, and T Ochan nelsin ”
(
1g)＋”(1gD)is sho wn asa 鮎 c-
tio n of kF . Su m ofallthe se ch皿 n els a ndthe kinetic energy
(K)/A - (3/5)(ki/2 M)is equPtoS in Fig･ ll As se enin Fig･
2, the T Echan neltakes a mimim u m atkF- 1.3 - 1.5 fm exI
ceptfo rM 3 Y-P Oa nd M 3 Y･P l, prlmadlyre spon siblefor the
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FI G. 2. Contribution of theSE and T Echa n n elsto f. Se eFig･ 1
fo r c o n v entio s.
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FI G. 3. Co ntri butio n of the S O andT OchaJln elsto S. h both
cha m els
,
the reslユ1is of M 3 Y-POar e eq11alto 也os e of M 3 Y･Pl,
which ar epre se nted by thedot
-dashed lin e. SeeFig. 1 forthe other
c o n ve皿tions.
sat w ationatkFO- 1.3fm . h the D I Sinter a ctio n, the energ y
otltOfthe S Echannel m on o t omically goesdo wn. T hisis n ot
c o mpatible wi th thepre s en c e of the stro ng short
-r ange repul
-
sion in the N N force, and causesa n u r[physicalprope rtyin
the neu b
･
on matter, as will be sho w nin See. rv･ Boththe S O
and TO chan nels do not c o n tri btlte tO f signi五can tly fTorp
≦ po(i.e. , kF≦ kFO)･ W hile the SO cham el bec o me s attrac -
tiv e andthe T Ocha n n elstays s mall in the S Ly5 and the D IS
inter a c也o n s
,
both chann els are repulsive in the M3 Y-type
inte ractions at p> po, including M 3 Y
-P O･ A certain par tof
this character ofthe M 3 Y-type inte r a ctio ns come sB
1
0 m the
OP E Ppaれ
T he c urvature at the sat wation po int With respec t to p IS
proportio nalto thein c o mpressibility,
K - ki乱- 9p2乱 (14,
T he effe ctive mass(k m as s)at the s ah r a tio npointMo
*
is
de五n ed by
aE(kcrT)
∂k
kFO
sat Mo
*
(1 5)
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T he volu me a syⅡ 皿 etry e耳erg yCOrreSPOnds to the c urvatu re
off withre spe ct to ブ7I:
a
E
-去就 (16)
Analogo-ユSly, the follow ingCOe氏 cien ts ar edefin ed 舟o m the
cur v att3r eS Ofど withre spect to っ7∫ and ?7∫[,
(17)
The coe瓜 cien ts a
. ”
aL, 皿d a .yt are relevantt othe spm and
iso splnrespons es in 血ite n u clei. h Table I工we also c om -
par eK:, Mo
*
,
aE, as , and a
.†J amOng the effTe ctive inter ac-
tio n s.
T he in c ompressibility A: is sensitive to αin v(1?D). T he
expedm entalvalue ofK:血asbe e n e xtra cted 舟om the excita -
tio n en ergle S Of the giant monopole resonanc e s. De spite a
cer t血 m odeldependen ce, m o st n o n-rela也vistic m odels are
c onsistentwiththe e x:perim entsifに - 2 10 MeV . For 丘血te -
rangeintera ctions,i･e･ , the Gogny andthe M 3 Y-typeintera c-
tions
,
α 和 1/3 se ems togivere a s o n able valu e s ofK:, whilein
the S ky rm eintera ctions α - 1/6lo oks favorable, be c a u s e of
the mo mentlm -dependen t ter msin v
(
I?. T he k m as sis em -
piricallykn ow n to be M拒(o･6 - 0.7)M[1 9]. T he M 3Y-type
intera cd･on stend to yieldslightly smal ler Mo
*
than the S Ly5
and the D I S inter a ctio皿S･ The volum e as ymm etry energ yaL
isimpo rtan tin reprodu cing glob altrend ofthe bind血g en er-
gle Sforthe Z ≠N n uclei･ From empirical vleWPOln tS az
- 3 0 MeV s e e m s ap propriate, asis 血岨 ned in the M 3 YJtype
interac tions under c onside ration.
The a
.,
anda
.-I coefRcien ts arerelev an t to he spindegre e s
of &e edom . T he kinetic en e rgyhas ace rtain contribution to
a
∫
and a
､-I, as wellas t o aI, Which am otln tS t O abou t
12 MeV atp - po equ allyfor叫 , as , and asl . Theinte rac
-
tio n ”(lg)＋v(lr)glVeS ris eto the re st ofthes eco efRcie nts.
Both the M 3Y-type 血 er actio n shave similar tende n cy with
respe ct t o thes e c o e丘cie nts. 工tis rem arkable that a.yEIS S ub-
stan tial lylargerin the M 3 Y
Jtypeinteractio n sthan a8 . Asis
sugge sted by clos e as and a .y[ valu e sbet we e nM 3 Y-P la nd
M 3 Y-P 2
,
the o nginal M 3 Y interac也on ahe ady c a rrie sthis
fe atu r e. h particular, the O P EPpartin cluded in the M 3 Y
-
type inter actions pllays a signi丑c a xt role, increa sing as[ by
abo ut1 1 MeV . On the otherhand, a
.-
and a
.-I ar eCO mPa rable
inthe Gogny D I S intera ction, and we ha v e e v en a .-> as/l n
theS kyrme S Ly5interaction. h the SI.y5ca se, a s[is clo s eto
the valu edu e onlyto the k hetic ene rg y.
Glob alchara cters of the spin and iso spn re spo n s e s are
cu stom arily dis cus s ed in te r m s of the La ndatlPa r am et rs.
Fo rmtLla s o nthe L andau par am eters at the zer otempe r at ure
are glVe nin Appendix B･ Wecompute the parameters of Eq･
(B 2 2). T he res11ts ar e show nin Table 工エⅠ. 工tis re m arked that
the M 3YIP la nd M 3 Y-P 2 inte ra ctions gⅣe similar r esults.
/
T he ge and the ge par a m ete rs a re clo sely related to the as
andthe a
s[coefRcients, re spe ctively･ 工tha sbe en know n that
go is sm all, while gふsholユ1d be relatively la rge[20]. A ト
01431 6-5
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TA B Lj≡ 皿. La ndau paralnete rS at也e sattF atio npoirlt･
M 3 Y-PI M 3 Y-P2 S Ly5 DIS
fo
′l
f2
f3
.ぷ
fl
r
I;
fi
go
gl
g2
gコ
/
go
ど;
/
g2
/
gコ
- 0.3 70
- 1.078
- 0.3 81
- 0.1 91
0.52 5
0.53 7
0.250
0.101
0.04 6
0.372
0.19 9
0_08 8
0.891
0.23 0
0.073
0.00 8
- 0.35 7
- 1.044
- 0.43 6
- 0.21 0
0.607
0.63 5
0.24 5
0.0 96
0.113
0.2 73
0.1 62
0.0 78
1.006
0.2 02
0.04 0
- 0.002
- 0.27 6
- 0.90 9
0.0
0.0
0.81 5
- 0.38 7
0.0
0.0
1.123
0.2 53
0.0
0.0
- 0.141
1.043
0
.0
0.0
- 0.36
- 0.90
- 0.55
- 0.15
0 J 4 3
0.47 0
0.34 2
0.1 00
0.4 66
- 0.1 8
0.2 45
0.0 91
0.631
0.610
- 0.03
- 0.03
9
9
8
7
4
8
6
tho t1ghitis not e asyto e xtr ac-tprecise vah e s of the La ndatL
parameters &om e xperime ntaldata be ca u se they c o ul dde
-
pend on the intera ction fo rms, qual itative tr end willnotde
-
pend on efFe ctiv einterac tions･ The M 3 Y
-type inte rac tions
s e em to have re ason able cha ra cters on the spin and isospln
re spo nse s, while S Ly5 and D IS do n o
t
, althoughthe spln a nd
is o spln nat ure s Of the Skyr me intera ctio ns se em t obe im
-
pr o vedifthe L Sc urre nts areignored[2 1]･ Itislikely that the
differ en ce in the s e coefBcieⅡts may slgmi ficantly i 血en ce
predictio ns ofthespin andiso sp皿 reSPOnS eS Of finite - clei･
1 V. P R O P E RTI ES O F A S Y M M E T R I C N U C L E A R MA T T E R
A がD N E U T R O NM A T T 丑R
we tnm tothe a sym m etric mclear matte r･ In Fig･ 4,
en ergies Pe r nu Cleo nE are depicted a s afun ctions of p
fo rthe spin -saturated(i･e･, ?7.y - ?7sL - 0)n ucle ar mater with
77[
- - 0･2 and - 0･5･ T he res ults 缶om the M 3 Y- type inte r
-
ac tions ar eco mpar ed with tho s e of the S kym e and the
Gognyinterac tions･ Energie s Of the spin
-S abrated ne tLtr O n
m atte r(i.e. , ヤL - - 1) are presen ted in Fig･ 5･ Res山ts 舟o m a
microscopic calcdatio n血 Ref･ [22] are also sho wn
.
as a
referen ce . A ltholghthedependen ce o ntheinterac也onsIS n ot
strong atlow densitie s even for the n
eutro n m atte r, it be
-
co me s str o nge r at p> o･2 fm a s[77LIin creas e s･
.
h the D I S
re sult for the ne utron matter, E ha s a m a xm um at p
- o.6 fm andgoes to
- 00 a sp - ∞ . T his unphysical behav
-
io r a ris e s丘o m x(
D D)- 1 in the P I Sset, whichimplie sn o
den申 depe皿de n c e血 血e S 五c血a 皿 el[s e eEq･ (6)]･ T 血is
c o uld also gIVe rise to aproblem h pra cticalcalculatio n sfor
finite nuclei. W iththe S Ly5 inter a ction どgoe stip rapidly at
any ?7t, becatLSeOfthe m o men t umdepe 皿denc e of theinter
-
a ction. h c on tr a st to them, the M 3 Y-type intera ctio且S give
modera te f for the neutro n m atter. T he micros c opIC en ergy
of Ref.[22]lies bet we en 血o s eof M 3Y-Pl and M 3 YIP 2･ エt
wnl be po s sible,ifnecessary, to adjustthe par amete rsofthe
M 3 Y- wpeinter a ctio n sto the micr o sc opic results ･
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FI G. 4. EnergleSpernu Cle o ng- E/Ain the a sym m etric n u cle ar
m atterwi thqI -
- 0.2 and - 0.5 fo r s ev eralefFe ctive intera ction s.
Se eFig. 1 for c o n v entio s.
V. P R O P E R TI E S O F D O U B L Y M A G IC N U C L EI
We next disc u spropertie s of do ubly m aglC nu clei in the
H Fappro xim ation. h the calculatio n sfo r五nite nu clei, w e
us e血e algori thm pre s en ted in Ref.[11], wherethe follo wing
s.p. bases a ree mployed:
甲αejm(r)- Rαe](r)[Y
(i)(;)xq]Lj),
R
αij(r)
- JV
aejr
e'2pae xp[- (r/v α)
2
]･
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FIG. 5. En e rgie sper 皿Cle o nf- E /A in the 皿eutrO n m atterfo r
s ev eral effectiv eintera ctio n s. T he cir cles a rethe r esults of Ref.
[22]_ SeeFig. 1 fo rthe othe rco 皿V entio n s･
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拙IR T R E E-F O C K A PP R O A C土i T O N U C L E A R M A TT E R A N D. . .
TA B L E IV. Par a m et rs ofn o n c erltr al fo rc esinthe origimlaJld
modiaed M 3 Y intera ctio n s. Se etextfortheFL” Pa ra m eters.
param eters M 3 Y-P 0 M 3Y-P 2
(LS E)
1
(L≦o)
I
(LS E)
2
(LS O)
fTN E,
(TN O)
卜,
(TW O)
2
(MeV)
(MeV)
(MeV)
1
(MeV)
MeV 血
‾ 2
MeV 血
‾ 2
MeV fhl
‾ 2
MeV 血
- 2
- 5101
- 189 7
- 337
- 632
- 109 6
24 4
- 30.9
1 5.6
- 91 81.8
- 3414.6
- 60 6.
- 1137.6
- 131.52
29.28
- 3.70 8
1.872
Her eY(
i)(i)expres se sthe spll erical ha rm onics･ We drop the
is o spinindex witho ut c o nfusion ･ Tleinde x αindicate spα(a
Ro n- n egativ einteger)a nd γα , sim ulta皿e OuSly･ By choo?ing
pα and 7,α aPPrOPn ately) these base s spa nthe spa c e equiva
-
lent t othat of the har m onic ･ o s ci11ator(fl o)bas es, a nd c an
also 払r m the Ka mimtLra - GalユSS(K G)ba sis s et[2 3]. Witho ut
para m eters specificto m as s m･mber o rnuc正de s u ch asA” , a
smgle set ofthe KG bas e sis ap plic able to a wide range of
nuclide s. h the following C alculations we ap ply the hybrid
basis s et[1 1]for the nuclei with A< 5 0, in which an HO
basis is ad ded to the K G ba sis-s et, while the H O ba sis s et
with No s c弓 15 and hw - 41･2 A
- 1/3
M eV fo rhe avier n uclei･
h 触 te n ucleithe n on cen tralforce sareimportantaswell.
h the M 3 Y inte ra ctio n, the LS forc e ”
(
i;S) and the tens o r
for ce ”(1㌢) a retake n by settingfELS)(rl,)- e
-
P ”r12/pnr12
a ndI(n
T N)(r12)- e
-
P Dr12/fLnr12in Bq･ (2)･ We here 触 the
range par a mete rs a sin ”
(
1?; FL｢1 - o.25fm , jL2
- l
= o･4 血
for ”
(
1!S), and iLrl- o.4 fm , FL2
- 1
- oL7fm for ”
(
1㌢). T he
coup血 g c onst an tsin the M 3 Y-P 2s et are tabulated h Table
Ⅳ
,
toge血er witb 也o se 止 血e ong皿 al M 3 Y
JP Os et･ 血 M 3 Y･
p 2
,
the enharLCemen t血ctorfo rv(1!S)is taken tobe l･8 and
the reductio nfactorfor v(lTJ)tobe 0.1 2･ T he bindhg e n er･
gュes andthe r m s m atte r radiiobtained 丘o m the Elfcalcula
-
tions wi th M 3 Y-P 2ar e show ninTable V,in co mpariso nwith
TA B L 玉 V. Bi且ding en e rgle S and r ms m atter radiiofs ev eral
dollbly m agic n u clei. E7[Perim erltal data aretaken&o m Refs. ･[24-
26].
駄 pt. M 3 Y
･P 2 SLy5 D IS
16
o
40ca
48
ca
90zr
132
sn
208p b
- E
描巧
- E
Jて巧
- ∬
vm
- E
柿平
- E
Jm
- E
柿平
MeV
(触)
MeV
(fm)
MeV
(血)
MeV
(血)
MeV
(血)
MeV
(f血)
127_6 1 27.1
2.6 1 2.60
342.1
3.4 7
41 6.0
3.5 7
783.9
4.32
110 2-9
1636.4
5.4 9
3 38.7
3.37
4 11.8
3.52
1 28.6
2.59
344.3
3.29
41 6.0
3.44
778.7 782.4
4.25 4.22
1 09 8.1
4.79
1 635.8
5,53
11 03.5
4.77
1635.2
5.52
12 9.5
2.59
34 4.5
3.36
416.8
3.50
784.5
チ･23
1 102.9
4.76
1 638.1
5.51
P王i YS工C A L R E V工E W C 朗
,
014316(2 003)
TA B L E Vl･ L Ssplittinga ro u ld
16o･ Experirn e ntaldata are ex-
tra cted 丘o m Refs.[24,27].
Expt. M3Y-P 2 S Ly5 D 1S
E
”(Op3/2) (MeV) - 21.8 - 22.6 - 20.6 - 22.3
E
n(Opt/2) (MeV) - 15.7 - 1 6.2 - 1 4.4 - 1 5.9
those of血e SLy5 a nd 也e D IS 血 e ra c也ons, a sw ellas with
the experim entaldata. The o n e-bodyte rms ofthe center- of-
mass(c. m .)energyar eremoved befo r eite ration. T he c on血 -
bu tion of thetw o-bodytermsis s ttbtrac ted 丑om the c on ver-
gen tH Fwave 血皿Ctions,in the D I Sa ndthe M 3 Y-P2r e s山ts.
T here are als o spuriou sc.m . efFec tsin the m atte r radii,
(r2)-
A
i芋((I)1 - R)
2)
-
A
1写(r?ド(R
2)
-
A
1[トA1)?〈rチト Ais,(riLrj,]･ (19)
T he 且rstter min the right-hand side is expre s sed by one -
body operato rswith a co rec tion 魚･ctor(1 - 1/A). We ne ed
tw o-body operatorsfo rthe s e co ndter m. For the D I Sandthe
M3 Y-P2 hteracd.o n swe fu lly rem ove the c. m . contribution
a c c ording to Eq･(1 9)A Fo r血e S Ly5 intera ction㌣e uヲe o nly
the one-bodyter m s wi th the correction facto r, 1gn O rngthe
two -body te rm sin Eq.(19), a sin c alculatingthe energies.
Wave 血皿 Ctio n s ofthedoubly maglC nu cleiar e co nside red
tobe wellap pro xim ated in the spherical H Fap pr o a che s･ It
shouldstill be n o ted that co relation s dtle tO the r e sidual
intera cdon c o uldin加 ence theirpropertie s. T herefore w e do
n o tpl∬Slユe fin et u ni ng Ofthe pa ramete rs_ As shown h Table
V, the M 3 Y-P 2s etis 触 ed so asto reprodu c ethe me a s Ⅷ ed
binding energleS Ofthe doubly m aglC nnClei, hcluding
90zr
,
within abou t5 MeV a c curacy. T hebinding ene rgies Ofthes e
m cleiobtained &o m the S Ly5 and the D I S inte ra ctions are
in agre e m ent with the experimen tal data with in 3 MeV,
slightly better th皿 M 3Y-P 2･ We do n ot ha;ve to take this
differenc e s eriously, befor e ev aha血 g the in触 en ce ofthe
re si 血 al interacdons. h additon to the binding en e rgle S,the
rms matter radi of thes e m clei ar e r epr odu c ed by the
M 3 Y-P 2s etsi mi lary w eiito the other availableinte raction s.
h Table V Iw e pre sent the n e utr on s･p･ e n e rgie s en(Op3/2)
and E
n(OpI/2)a round
16
o. T he enhan c em entfa cto rfor v
(
.!S)
in the M 3 Y-P 2s et ha sbeen adjusted ap pro xim ately to the
e7CPerim entalvalue ofthis s･p･ energ ydifFe renc e･ T he redtlC
-
tionfac to rfor ”(l㌢)hasbe e ndetermined s o a sto repro血c e
the s･p ･ ene rg yordering for
208pb･ W ithou t this re血 ction
fa ctor, the orbits with highere hav eto ohighenergle S･ T he
re s ultant s ･p･ levels in
208
p bwith M 3 Y-P 2a r edepicted in
Fig･ 61 T he levels obtained 丘om DIS and the e xperime ntal
s･p･ levels a re als o sho wn ･ T he overal l le v el spacngs ar e
r elatedto Mo
*
show nin Table a hthe lSual H Fcalculations
thelevelspa c ngs tendtobelarger than the obs e rved one s,
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FI G. 6, Singl叩 article en ergiesfo r2
0お
p b･ Experim entalvalu es
ar e extra cted 鉦o m Refs.[24,2 7].
and itis n ot(and sho uldn otbe)re m ediedlmhlthe c o rrela-
tio ns 血 e to the r esidu al inte ractio n(or the 血) ma s s)a r etake n
into ac col 皿t[1 9]. T hisis also tr u ein the pre s en t case ･ We
丘ndthatM 3 Y- P2yields a spla usible s･pL levels as D ISdoe sI
we thus confirm that the M 3 Y-P 2 inte r ac tio n wel de scri bes
the global n atur eofstable n u clei･
v1. SI N G L 瓜 F A R TI C L E I.E V LSN N
- 16 1S O T O N E S
h the preceding s ec tio n w e have shown that the M 3 Y
-P 2
intera ction repr odu ces the pr oper tie s ofthe doubly m agic
n ucleito a similar acc uracy to the SLy5 a nd the D ISinter
-
a ctio n s･ At a glan ce? the spa
-is o spn characte rsin the
m cle ar m atte r, whichhave be endisc uss ed in Sec･ ⅠⅡ viaasL
and g;, do not se em to innuen c ethe ntl Cle a rproperties
aro tmd the gro 皿 d state s･ How ever, the sp皿 a nd isospm
char acter sinAue nce s･p･ energleS Of finite nn clei･ T her eby
they m ay a 飴 ct even 血 egroundstateproper tie s･ 血 血 s Se c
-
tion w e 止hstrate th is pointby the netLtr O n O rbitsin the N
- 1 6 is oto nes,follo wing the argl皿 en tSin Ref･[3], altho lgh
pre cise studie sh thislin e arebeyond
the sc ope of th ispape r･
As w a s sug gestedin Ref･[3Lthe proto n- n tLmber(Z)de-
penden ce of the neutron s･p･ en erg yen(Od3/2) relative to
e
n(1si/2) can siz ably be affec ted by effe ctive inter actions･
Figu re 7 depictsAen
- E
〝(O d3/2) - 〟(1sl/2) obtain ed 丑om
the spherical E Fcalc山 atio nsin the N
= 1 6is oto n e s･ T hough
itis no tobvio u swhether the grotmd state s of al 1of these
is otone s ar ewellapproxirnated by the spherical H Fwa;v
e
血皿Ctions, itis m e ani gfulto s e ethe s･p･ e nergleS, Wh
ic血
often gⅣ e 皿 血dicadon to m aglCOr Stlbm aglC n umbersI Fo r
DIS we redu c ethe nu mber of base sin Eq. (1 8)to av oid
hstabibty oc cu mingfor s ome N
- 1 6ntLClei, whichprobably
relates to the Ⅶ physical behavio rin the netLtrO nm atte r･ Itis
fo Ⅶndthat, if viewed a s a丑m ctionof Z, AEu S 血 gly de-
pends on theintera ctions･ W ith the M 3 Y
-P 2 inte ra ction, AE”
incre as e s a sZgoes 舟om Z - 1 4to Z
= 8 ･ We have conRrm ed
[28]thateven M 3 Y- Pl(withap propriate ”
(
1吾s) and v(l㌢))
shows similarbehavior and that asignific an tpart of this
fe at ure orlglnate Sin the OP B Ppa rtin u
(
1g)･ Itis thu s sug-
gested that this behavio r of AE打 1S C Orrelated to the spln
-
iso spin property h the ntLCle arm atte r･
._ 1 4
>
也)
邑3
t=
0 )
<
2
0
P 比Y SIC A L RE V IE W C 68, 01 43 16(2003)
質
16 14 12 10 8
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FI G. 7. AE” fo rtheN - 1 6 is oto n es. Thethicks olid, otted, th in
s olid, and da shed lin es c orrespo ndto the r esults wi tht e M 3 Y-P 2,
U S D, D IS, and S Ly5 intera ctio n s, r espe ctiv ely.
Fo rco 叩 ad5 0 n, We also 血o w 血e s.p･ ene rgleS Obt血 ed
丘o m the r eliable shellm odel interactionfor the sd-shelln u-
clei
,
theso -c alled mivers alsd(USD)interactio n[9]･ F
.
orthis
p-叩 O S eWe define the effective valu es ofs ･p･ epergleSfor
each m cle u sA &om the shellm odelspac e and intera ction,
which c orrespond to those ofthe spherical H Fcalculatio n s,
a S
2 J＋l
r7 〉 ' ′ n V ′ ′
丁
､
ノ '
J A
(2j＋ l)(2j
'
＋1)
×Uj′;JIvusDljj
′
;J), (2 0)
where the s u mwith respe ct toj
′
r uns o v er the valenc e o r-
bits･ Fo r(Nj)A, W e aSSu me thatthe m cle o n s o ccl耶.the s･P･
orbits &o m the botto m
,
ac c ording to EU). Fr o mthese s.p.
e n ergiesw e obtain AeごsD- Eだs D(od3/2;A) - eYsD(lsl/2;A)
forindi vi dual n ucleus. T his de丘血tion is equ v alent to 也e
effectives.p. e n ergie sin Ref.[3]fo rthe Z≦ N(- 1 6) 皿 Clei.
T he A e冒sDvalu e sa re also shown in Fig･ 7･ 工tis n otedthatin
the shellm odel approa ches the nllCle tLS depe nden ce ofthe
s･pI W aV e血皿Ctionsis not fu llytakeninto a co t mt･ EfFe cts of
r e a u 皿ge m ent in the wave fun ctions ofthe de eply bo und
orbits are reno r maliz edinto the inter actions am o ng the va-
len ce nucle on s. h c or[trast, in the liFapproache s the s.p.
w a ve fin ctio ns a re determ hed s elf- c o nsisten tly, 丘o m
m cle tLS tO nllCle u s. The refo re, the shellm odels.p. energle S
do notagre e with their H Fco unterparts･ Ho wever, there
sho-lld be qual itadve co ITe SPO nden ce, which aris es 缶o mba
-
sic chara cte rs ofthe efFectiveinte ra ctions , ltis rema rkedthat
the M 3 Y-P2 interactio nha sthe sam etrend of AEn ,in te rms
of the Z dependenc e, a sthe USD inte r ac tio n･ It ha sbe e n
sug ge sted[3]thattheintera ctionin the(q ･ ”)(T･ 1)chan n el,
which willbe linked to ast or to g;, is signific a nt to the
m aglC Ⅱ umbersin highly ne utr o n
-rich r[u clei, andthat the Z
depende nce ofthe s･p･ e n ergie sin this regi o nCO uld be rel-
evant to the new m a
.
gic nu mbe rN = 1 6[2 9]･ T he presen t
re sults are fully consI Stent With the argu me nts in Ref･ [3],
altho ughw e can not dr aw co n clusio ns Dn the m aglC number
pr oblem witho-ユt aS S e SSlng thein 伽-en ceof re sidual inte rac-
tions.
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V ll. S U M MA R YAN DO UT LO O K
We have de v eloped effTectiveintera ctions to de scribelow
e n ergy phe no men aofn uclei･ Starting &om the M 3 Y interac-
tio n, w e introdtl C e aden sity-depende nt c o n ta c te rm a nd
m odifys ev er alpa ra m etrs in aphenomenological m ann er,
whe re as m aintaining the O P E Ppa rtin the cen tral'fo rce ･ h
o rder to view basic characters of the inte ra ctio ns, the
Hartre e-Fo ck calc ulationsar eimple m en ted for the infinite
n u cle ar m atte r(for which us e血1 fo rmula s are newly derived)
a nd fo r s everal doub ly m aglCn uclei. We have show nthata
param eters etc alled M 3 Y
-P 2 des cribestheirprope rtiesplau-
sibly. T he pr ope rtie s thata re w elltre ated by the Skym e
S Ly5 and/o rthe GognyDI S interactio n sa re alsoreprodu c ed
by the M 3 Y
-P 2 inte ractio n･ Ho wever, a rem arkable difFe r-
enceisfo und in thepropertie srelev an to the spin degr e es of
&eedom in the nucle ar m atter. T he M 3 Y-ty pe interactions
s e e mt ogivere as o n able spinand is o spm prope rties)1 n Which
the OP E Ppart c ontained inu
(
l冒)plays a signiRcantr ole. We
have als osho w n thatthe difFeren cein the spin-iso splnProp-
e rty afFe ctsthe sIP･ energie sin 丘nite n ucleito ac on siderable
e xte nt. 工t will be inte re sting toap ply e xten sivelythe M 3 Y-
ty pe inte r a ctio n s, particularly to the m aglC nu mberproble ms
fa rfTro血 the β stability.
Altho ughthe M 3 Y-P 2 h teractions e e m sto have variotlS
desir ed char a cters, there stillrem ain s a c ertain ro om fわr b -
ther hlnlng Ofthe param eter s･ lt sho uld be n oted thatthis
par a mete r set willnotbe a 皿1qu e Choice to repr oduce the
prope rtie s ofthe n u cle ar m atter and the doubly magicr[tlClei･
Efective inte rac tio n might not be constr ained s u氏cie ntly
o nly 丘o m the H Fcalculations･ T he pa 皿 g effe ctsin n u clei
gi ve Valu ableinfor m ationonthe effectiveinte ra ctio n,pri m a
-
rily o n the S Echan nel･ Co mparison ofthe m atrix elem en ts
with reliab le shellm odelinteractions winalso be helpful,if
the c o r epolariz ationeffTects a r etre ated ap propn ately･ T hes e
points will be dis c u ss edin futtue ptlblications･
A C K N 0 W L E D G M E N T S
Iam gratefu lto Dr･ D ･ T･ K 血o afo rdiscussions･ This w ork
w as fin 皿Cially suppo rted as Gra nt
-in -A id for Scien tific<,,Re-
se ar ch(C), No . 1 36 4 02 63, by the M 血istry of E 血c ation,
C ultl X e
,
Spo rts, Scienc e and Te clmolog y, Japa nL Ntlm erical
c alc山 atio n sw ere pe rfor med on H エTAC S R 8 00 0at hstitute
of Media a nd h fo r m ation Technolog y, Chiba Univ e rsity, at
h fo r m ation Tech ologyCen ter, Univ e rsity of Tokyo, and at
Computing Center, 技ok kaido University･
AP P E N D I X A:A N A L;Y TIC F ORMU L A S F O R N U C L E A R
A4 A T T 丑R E N E R G Y
h this appe ndix w e derive for mula s co ncernmg theinte r
-
ac tio n part of Eq. (1 2). The form of Eq･ (2)is as sum占d fo r
I)12 ･
Ea ch te r m of v(lE)is e xpre ss ed a sI(aC)(r12)Oq OT ･ エts
n on antlSym m etrized m a血 又 elemen tin the plane wa v e sta
tes
of Eq. (8)is evaluated a s
PHYSIC A L R E V 比 W C 6S, 014316(20 03)
(k; 巾i,k;qまTMnc)(,.i,2)Oq OT(klq lTl,k20
･
2T2)a. a.
1
illId3rld3r2e)
'
(kl
- 良;,･ rl･"k2 - k;,･ r2Pn
c,(r12)
×(o･
'
lq紳 qIJlq2)(丁;Ti[OTJTIT2)
1
凸2Id3R d3r12e･
'
(K - K
'
,, R･∫(k12
- k;2” 12/nC,(r12)
×(q;”;lOq‡qlq2)(T;TilOJTIT2)
1
-
話
8K,K,j
～
1,c'(lk12 - kil)
×(o･;”;log(qlq2)(丁;TiJO,” T2), (A l)
where R -(rl＋ r2)/2, r12- rl - r2 , a - kl＋ k2, K
′
- k;
＋k呈, k12-(kl - k2)/2, k;2･-(k卜k;)/2, and I(q)is the
Fo 血 e rtra nsfbm oりてr),
i(q)-∫d3rf(r)e - L
'
q' r (A 2)
T he density-dependentinteractioh”(1gD)is als ohandled in a
similar m a皿 er
,
Sin ce the de nsity behave slike aconstantin
the m clear matter. Fo rthe Hartre ete rm we hav e(klO･1Tl)
-(k;”;7･;) a nd (k20･2T2)- (k;q;Ti), while (klCrlTl)
- (k;q;Ti) and(k20･27T2)-(k;o･;T;) fo r the Fock term .
T here血re bothte rms satisfyK - K' . For the rela也v e m o-
m en tu m the H artre eterm (the rock te rm)yields k12 - k;2
- o(k12 - k;2- 2 k12). Con tri bution of the two -bodyinterac-
tion to the n uclear m atter eモergyis obtained byintegr atingf
in Eq.(A l)up to the Ferm l mO m en ta･
We here c o n sider ge n eralc a s eswhere the Fe rmi m ome n-
tu m may depe nd o n spn and is o spin ･ h o rde rto take into
a c cou n t the spin
-is o spin depe nden ce, we integratefin the
ra nge kl
ミ;kFl弧 d k2弓 kF2･ The htegratio nis im m ediately
ca ried otLtfo rthe Hartre ete n , a s血r asf(r12)is m om en -
t u mindef)endent, since theintegrand depends neither on kl
nor on k2,
w H(kFl,kF2)-IklSkF.d3klJk2<kF2d3kJ(o)
-芋 舶 Jt(0'･ 'A 3)
Forthe Fo ck term c on tdblltion, theintegral with re spec t to
bl and k2is co nvertedtothe o ne with r e spect to K and k12･
We he re assl 皿 ekFl≦ kF2 Witho utlo s s ofge n er ality, ow血g
to the symm etry ”(kFl,kF2)- W(kF2,kFl)･ 昆andling the
range of integral c a refu lly, w e obtain the following e xpr es
-
SIO n :
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土L N A K Al ) A
w F(kFl,kF2,-[k.<kF ld
3
k1Jk2&J F,d3kJ(2k12)
- 8q
2[I.
'kF2- kFl'/2
dk12筈kilk?i(2k12)
d k12(-を(kf2 - ki1,2k12
･;(kil･ ki2)k?2 - 4(kil･碓2)k?2
･;kf2)jl(2 k12,]･ (A4,
T hese form ula s ar ege n eral to m山ticompone nt unifo r m
Fermi liquids withequalm a ss e s･
h handling the spm
-is o spin degre e s of 丘e edom, w e re
-
w rite the c en tral fo rcein Eq.(2) as
v
(
I?- ∑(tLw)＋ f㌘)p q - げ)p , - EL
M)p
o
p
,)j57C)(r12)･
〝
(A 5)
T he relations betw e e nthe c o upling co n sta nts a re
t
s E)- itW)- t㌘) - f㌘)＋t㌘),
tLTE)- iLw)＋t㌘)＋i㌘)＋ELM),
t
s o)= tLw)- [f,B)＋t㌘)- tL
M)
,
t
T O)- tLw)＋ t㌘) - i,(”) - t㌘)･ (A6)
A fter s Ⅷ 1m 皿g OVer 也e spm
-is o sp血 degre e s of 丘e edo m, 血 e
inte raction e n ergylSgive nby
a
(V)-
2(2甘)
6 T qlq7TTIT2
L ､ √` 'J V
I
v
2
- t㌘)6qlq26T.T2)W雷(kFT10VkF,2q2)
＋(ELM)＋tT)6qlq2 - t㌘
)8
,lT2
- tiw)6qlq26,1,2)W冨(kFTl伊l,kFT2q2)]I
∑ ∑ [(tLw)＋ t㌘)6qlq - t『
)♂
,
1
T2
(A 7)
P B Y S工C A L R E V ほ W C 68
,
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(2)p- depe nde nt6 inte r a ctio n. Sinc ethe den sityis acon-
sta nt in the u nifo rm n ucle ar m a tte r
,
the W 血皿Ctionsfo r
f(r12)- P
a 8(r12) are si mi lar to the above ca s e,
1 6′汀
2
w H(kl,k2)- W
F
(kl,k2)- 1rP
a
k弼 ･ (A 9)
Note thatp IS a加皿Ctio n ofthe Fe r mi m omen ta, when w e
take derivativ e softhe W 氏皿Ctio ns .
(3) Ga u ssinte ,a ctio n. For f(,12)- a
-(FW 12)
2
, we have
i(q)-(J&/FL)3e
- (q/2p)
2
,
deri ving
1 6rTT
2
w 甘(kl,k2)- T
wF(kl,k2)-
32J&7
3
a
FL)
3
k?k;, (A IO)
iL((k?- klk2＋k圭一 2FL2)
× e
- ukl＋k2)/2p]
2
- (k?＋klk2＋k…
- 2FL
2)e
-[(k2
- A.)′2p]
2
)
叫 ･ 跡 地(筈)･(k喜
一 紬(筈)･J;k?],
erfc(x)-lx
'
J
e
-
z
2
dz .
(A l)
仏12)
and
where
h Eq･(A l l)w e ha v epostulated kl< k2 a!ain ･
(4)Yuka wainte ractio n. Fo rthe Yd aw aInter a ctio n w e s et
f(r12)- e
-
FL Y.2/pr12, le ading to I(q)- 4 17T/jL(p
2＋ q
2)I
T his yields
w F(kl,k2,-買収 (A 13)
a且d
2′汀ョ
wF(kl,k2)= ぅ丁
h Eq.(A 7) w e r egardthe sum ov er ntoinch de ”
(
1r)I Itis
noted thatA - 凸p, which is tlS ed to obtain the en e rg y pe r
皿 Cle o nE.
we ne xt calc山ate the W 触 ctions fortypical inte r ac tion
fわr m s.
(1)6inter a ctio n. Iff(r12)- 6(r12),i(q)- 1 and there -
fore we have
w E'kl,k2)- W
F
'kl,k2)-字 楓 (A8)
0143 16-1 0
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4klk2(3(k?＋k呈) - p2)
- 16p((k?･ - -(竿)
-( … )- ct-(苧)13(k -
- 6FL
2
(k号＋k芸) - FL
〟
2
＋(kl＋k2)
2
＋(k2 - kl)
2
(A 1 4)
比1R T R 玉E-F O CK A PP R O A C 且 T O N U C L E A R M ATTER AND ‥ .
(5) M o me ntu m-depe nde nt ･ざiT2te r a Ctio n･ h the Skyrme
inter action we have mo me nt um -dependent te rms with the
form 与(p子2∂(r12)＋ 6(r12)p子2) a nd p12･ 8(r12)p12. T he
fo r m er ope r ates o nly onthe e v en cha m els and yields
w H(kl,k2)- W
F(kl,k2)-誓k?k;(k?･ k;'･
(A 1 5)
Thelatte racts on the oddc血a 皿 els, g m ng
Ik;叫 d3k'Jk2S *T
2
q
,
T hisim mediately glVe S
P H Y SIC A L R E V 正 W C 68, 01431 6(20 03)
w H'kl,k2)- - W
F
(kl,k2)-誓 榔 号･ kZ'･
(A 1 6)
Theinco mpr es sib Li吋 K and the spin -iso spin cⅧⅣat ur es
a
L ,
a
.”
a
.-∫ are expre ss edby the derivatives ofthe W func-
tlO nS.
The single
-
particle en e rg yE(ko ･T)de丘n ed in Eq. (9)is
also e xpres sedbythe derivative ofthe W 血皿Ction s. We丘rst
rewrite theintegralh Eq.(12)as
d3k2(良;qlTl ,k2ロー2T2lv12Lk;allTl,k20･ 2T2)
- 4ql.
kl
k;
2dk;[k2” FT
2
q
2
孟[k;<k,d3k'Jk2 q T2q 2
- 4 J7'k?lk2<kFr? o･ っ
d
3
k2(k;o･1Tl,k201 2T2lv12(k;qlTl ,k2q2T2).
d3k2(k;o･1Tl,k2Cr2T2lv121k;qlTl,k20 ･2T2)
d
3
k2(kiqlrl,k20･2T2lv12]k;o･lTl,k2q2T2),
T herefbre,
E(klqlTl,-盈＋ 両 志写q?T2 ”iw,･t B,6q.q2
1
- ぽ)8TIT2 - t㌘
)∂
q
l
q2
6
,1T2)∂lW:(kl,kFT2q2)
＋(tiM)＋t㌘)6qlq2 - t㌘
)6
TIT2
- tLw)∂q.q,8,i,2)∂1W雷(kl,kFT2q2)], (A 19)
wher e w e u s eth shor th and n otatio n
(
alW誉仔(kl,k2)-孟wFm(kl,k2)I (A 20)
ltis n ow obviou s that the efFectiv e
.
m as ofEq･(1 5)is e x-
pre s s ed by uslng the s econd derivatlVe Ofthe W 血皿Ctions･
A P P E N D I X B: L A N l)A U 且 姐 A M E T 丑R S F O R
sy M M 丑T RI C N U C L E A RM ATT E R
Letus de n otethe o c cupatio nprobabilityofthe s･p･ state s
of Eq.(8)by n , q(k). T he n tLClear mattere n erg yof Ed･(A 7)
c a皿be rewdtte n as
(v)
_
(V)甘†(V_
)T
fl fl
(A 1 7)
(A 1 8)
(v)71 1
i1 2(2′汀)
6 L{ qlq7,1,2 k7?2
1 -
Tlgl＼
‾ ‾
▲′
一 ‾
T2q2＼
‾ ‾
L ノノ n ＼
〉
ノ
×(tLw)＋iJ(,B)8q.q2 - tL
H)6
TIT2
- tiM)6qlq26rlT2),
(B 2)
(v)F 1
す
-
両 写q.”?TIT2昆n TIql(kl)n T2q2(k2)
×jn(2 k12)(t㌘)＋t『)∂qlq2 - t
B)6
T.T2
- ∫iw)6g.q26TIT2)･ (B 3)
T he Landatl C Oef&cientis de且ned by
F(
T7,q ” T2q2(kl,k2)- 芋l:1d(kl･L2)Pe(&1･k2)
∑ ∑ ∑ n ,1q (kl)n (k2)jn(o)_= ..__▲.._一一t 1_
×
∂
2( v)/fl)
8n
,lq.(kl)8n T2q2(k2)
(良4)
Fo rtheinter actio nindepende ntofm o m e nttm and of density,
itis straightforw ard to wdte do wn the co efRcien ts of Eq･
(B 4)in ter ms of , within the H Ftheory at the z e r ote mpe ra-
ture . Noticing thatp als o depends o n nT O
.(k), w e evah ate
･B1, 竿ex(芸o3ph3
u
p
tEo6;r?2
f
,T.
e
F
d
(
,
e
iTq:
i
,≡;:?k
d
2
e
,
n t
a s
6 hteracdon '1
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a. N A 脚 A
念[竿 pa - 2(p2 -芸p2T q･x(D D,(号p2q
一号p
2
,)＋ αpa - 1{2p - pTlqI - PT2J2.X D` D,(pql･ po
-
pT,
-
Pr2) ＋ p
a(1 - ∂TIT2∂q.q2 ＋ x
(DD)(6qlq2
- ∂
TI,2)
- ∑ = a α
‾
( ＋x( ) ＋ q2
],
(B5)
wherepot - ∑ TPT q andpT
- ∑
0
･PT O- ･ Apart丘om the spm a nd
is o spin degre e s of &e edo m , the m o m entu m
-depe nde nt8 in
-
teractions与(p号,8(r12)＋ 8(r12)p?2) and p12 ･ 8(r12)p12COn-
hibute to F(
,7)o1., ,2q2(kl,k2)by
志(8eo響 - ∂el?)･ (B 6)
ln chara cterlZl ng efFe ctiv ehter a ctio n s, we view the Lan
-
da n co efRcien ts for the syrrl me血c 皿 Cle ar m atter, wher e
p, o･
-
p/4 fo r any r and o
･
･ W hile fo rm ula sfo rthe L andau
para m eters w ere derived for the S ky rm einterac tion in
Ref･
[2 1]and fo rthe Gogny interactio nin Ref･ [30], we here
deriv e e xpre ssionsfo rinteractio n swith thefor m of Eq･(2)in
a m o regene ral m an ner･ lt is c u sto m a ry to transfo rm the
(T,LT)variable sinto the fo llo wing o n es:
1 - p†十 p､L十 n†＋ nl,
t･ ･ ･p†＋ p､L - n† - nJ,
s - ･p† - pJ十 n†- n ､L,
st - ･ pT- pJ, - nT＋nl･ (B7)
since ∑o. o
･
- ∑
,
T - ∑
o
･(o T)- ∑T(g 7･)- 0, all the ofF-
diago nalco e氏 cients with r espe ct to (1,i,s,st) va nish･ T he
diagonalco efRcien ts a re redefined as
I
F'
1
”(kl,k2)- 詣 gl言l,2 F
'
Ti'q, ,,2q2(kl,k2),
Ff”(kl,k2)-去ql言1T2 TIT2F',7'J ” T2q2(kl,k2),
F
L
(
Y
e,(kl,k2)-去qI慕1T2 qlq2F'T7tl,,2q2(kl,k2),
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F'lfa(kl,k2)- 怒号(4tW'＋2t㌘'- 2t『'
- t㌘))I
-
-
”(0),
Ff,ea(kl,k2,- 怒号(- 2t㌘' - 1t”,j77(0),
F
t
'
Tfa(kl,k2,- 忠言(2tBL tT',j77(0,,
F
L
'
Yfl'H(kl,k2,- 忠言(- tJ'7”')j7,(o,,
while the Fockterm s
I
F'
1fF'(kl,k2)- 前 号(4t㌘
'＋2tflrTL 2tLB'
- tLw))GEE)(kl,k2),
(B9)
1
F!,eF'(kl,k2)= 両 署(
- 2t㌘L tLw')GLe'(kl,k2),
1
F
･
'
vfi(kl,k2)- 前 号(2t
E'- t
W')GLe'(kl,k2),
1
F
L
'
Yf,'F(kl ,k2)- 両 署(
- t
w')Gt”(kl,k2),
(B I O)
where
GLe,'kl,k, - 芋I:1d(&1･&2)Pe(kl .k2,ju(2 k12)･
(B ll)
co ntributio n of the den sity-dependent inte ra ction i
(D D)(I
＋x(
DD)p
q)p
α 6(r12)isgive nby
F(1記D(kl,k2)
8eo ′n n ､3(
∫(DI
)
α ＋1)(α ＋ 2)
4(2J7T)6
r 2 p
α
F
L
'
ef'(kl,k2)-去ql言Ⅰ,2 qlTIJ2T2F'T7'q. ･ r2q2(kl,k2,A
(B8)
T he fla rtr e e terms of the m o m en tu m - and de n sity-
血depe皿dent血teractions yield
O1 4316- 2
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鴫(kl,k2,- 岩音t(DD,(- 2x'DDL 1,pa,
F
･
'
yfaD(kl,k2,- 念 i'D D'(2x'DDL 1)pα,
F
L
(
rfl,DD(kl,k2,ニ ー 志 t(D D,pα ･ (B 12)
且AR T 且E E-F O C K A PP R O A C 比 T O N U C LjヨA RM AT T E R A N D‥ .
For m o m e皿他 m 血 depe nde ntintera c也o皿SS uch a sthe Gogny
interactio n a ndthe M 3 Y-typeinter actio ns, the La ndau coef-
Rcie nts are obtain ed by F
(
1
e)(kl,k2)- F(1ff)I(kl,k2)
＋F(1f2(kl,k2)＋F(1fBD(kl,k2), a nd s ofbrth･ T he mom en tum -
dependent∂ 血teraction syield
F,l[h(kl,k2)-去声(8eo響 - 8elklk2)
･(
3
5;M
”
;
,
F!.edD(kl,k2)-言古(8eo響 - 8elklk2)
･(
i(1
M D)(- 2x(l
M D) - 1)
t㌢D)(2x㌢D)＋ 1),
F
.
(
rfLD(kl,k2,- 志言(∂eo生半- 6elklk2)
･(
i(1
MD)(2x(l
MD L 1)
tiM D)(2x㌢D)＋1),
F
L
(
Tf,,M D(kl;k2)- 志(6eo響 - 6elklk2)
･(;i
-
i
'
1
,?
D''
(B1 3,
whe rethe up per row corre spo nds to the eve n channel inter
-
action it(1
M D)(1＋ x(1
M D)p
q)(p号26(r12)＋ 6(r12)p号2), While
the low e r to the od d channel inter a ction t㌢D)(I
＋ xi”D'pq)p12. 8(r12)p12,
.
re SPeCtively･ Equado n(B 1 3)is
available fo rthe Skyr me In teractions in which the LS c ur-
ren ts are notIgn o red.
we n ext show e xplicit for m ofthe a
(i) facto rin Eq･
(B 1 0)fo rwpical interacho nfo rmi･
(1)6inte ra ction. SubstitutingI(2 k12)by 1, we obtain
G(
i)(kl,k2)- 6eo. (B 14)
(2) Ga u s s inte r a ctio n. Becau s e i(q)
- (J&/”)3 e
- (qJ2p)
2
,
Eq.(B ll)le ads lo
G(
i)(kl,k2)-
(2 e ＋l)J言3 ヱ (e＋ m)i∑
FLklk2 mffo m!(e - m)!
×((-)m e
- [(kl - k2)/2p]
2
-(-)ee
- [(kl＋k2)′2p]
2
).
Fo re - 0 and 1, w ehave
(A)
m
(B1 5)
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a(
0,'kl,k2)- 孟{e - 2,/2p,2 - 【(kl･k2,/2p,2},
(B 16)
G(1,(kl,k2)- A(1 瀞 [(k- k2,/2∴2
･(1･ 掛 [(kl･k2,/2p,2ト (B17)
(3)YLLka w ainte ra ctio n. Fo rthe YtLkawa intera ction we
us ei(q)- 4q/jL(FL2＋q2). hs e rting itinto Bq. (Bll), w e
obtain for even ･e,
r
G(
i)(kl,k2)
i/2
∑
27T(2 e＋ 1)
pJ
3
m?o
(e ＋2m - 1)!!
×
(A)
(2m)!(e - 2m)i
2J 刀- 1
- ∑
1 ＋
(- )P (2 m)!
2In＋1
(- )
i/2‾ 仰
k?＋k蔓
〝
2
2m
1n
〟
2
十(kl＋k2)
2
p
2＋(k2 - kl)
2
1=0 2 m
-
p p!(2m - p)i
･(1･苧)
J'
(1･
1＋
(kl＋k2)
2
〝
2
andfo r od de
a(i)(kl,k2)
2っT(2 e＋1)
×
(kl - k2)
2
p
2
2/T7- ∫)
2m
l
(i- i)a
∑
FL
3
m
?o
(e＋ 2m･)!!
(i)
(2m ＋1)!(i - 2m - 1)!
･[(1＋苧)
2m 'l
ー ∑
2/〃＋2
(-)(
i - i)乃 - 1n
(kl＋k2)2
(k2 - kl)
2
Lm (-)p' 1 (2m ＋ 1)!
peo 2m ＋l
-
p p!(2m ＋ ト p)!
･(1＋苧)
p
(
1＋
(kl＋k2)
2
〝
2
Fore - 0 and 1, we ha v e
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1＋
(k r k2)
2
p
2
2JT7＋l”)
2m ＋1 - p
)
(B18)
(B 19)
H. N A 脚 A
a(0)(kl,k2)-
G(
1)(kl,k2)
甘
. P
2
＋(kl＋k2)
2
FLklk2
仙
FL
2＋(k2 - kl)2
'
3甘
2p(klk2)
2
× b
(FL
2
＋ k?＋k呈)
FL
2
＋(kl＋ k2)
2
FL
2＋(k2 - kl)
2
- 4 klk2
(B 20)
(B 2 1)
settingkl
- k2
- kFO and using the estim ated level density
at the Fe rmi m o m e nt um No
- (27T)
6
2kFOMo
*/7T2, we define
the u sual Landau par a meters,
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fe- N .F(l
e)(kFO,kFO), fi- N.F～e)(kF｡,kF.),
ge
- N｡F
.
(
y
e)(kFO,kFO), g;= NoF,(rf)(kF.,kFO).
(B 22)
T he s e c o nd derivaties off at the s aturatio npo in tare C O 且-
n ec tedto the Landau par a m etrs ･ T hefollo w ingrelations ar e
veri丘ea:
誓- 1･青ん K -%(l ･fo,, aL -A(l･j･a),
1
a
L塙(1 .go), a ･yL -A(1十g占)･ (B 2 3,
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Lif紬m es of excited state sin
68
ctl W er e m e asu red by the γγt c oin ciden c e u singtwo BaF2 detecto rs
伽 o11gh也ede c ay of68cum pr o血 ced bythe(”,p)rea ctio n. Tleh alf-life of the2
＋
state at84 keV w as obtain ed
as7.84(8)ns, c orr espond ingto the B(M l;2＋ 一 1＋)v alu e of 0.00777(8)pi_ A shen m odelc alcロIadon wi tha
minim lユm m odelspa c e of7'P1/2VP;/12 giv e s ago odpredictio n of 也is B(M l)v alu eby u sing experim 班talg
払ctors ofn eighboring m clei. T his srnal1 B(M l)v aln e c anals obe expl ainedby ashellmodelc alculatio nin the
.瑞b3/2f;/2PL/2)
P'r(r-0,1)m odelspa c ed
D ot:10.1103/PhysRevC.68.0 5430 6 里A CSn u mber(a): 21.10.Tg,23.20: g,21.60.Cs,27.50.＋ e
1. m T R O D U C T10N
The nu clea rstru ctnre ar ound68Ni, with Z-2 8and N- 40,
provides impor ta ntkn owledge ofthe sheu stru ct urein the
ne ub･on-rich N ireglO n and thllS ma Ⅱy SttLdies have be en
m ade with the progre s sof e甲erim e nt altechniques[l
-1 8]･
Am ong the s e sttldies, the m aglCProperties of
68Niha v ebe e n
discu ss ed 鉦o m differen t a ngles. One of theis slle Sis whether
o ne can treat the
68Ni 皿 Cleu sas a core in a shellm odel
calculation. Wepreviously de m o n stratedthatthe energylev
-
elsin
71
c11C anbe pr edicted very acc watelyby a shellm odel
c alculation with the っ7P3/2】威2 m odel space, using experi-
mental en erg ylevels in neighboring nu cleiasre si 血altwo -
bodyinte ractions[7]. エtis interestingto sttldyto whate xte nt
su ch a calculation is val idto explain the properties of 皿 Clei
aro und68N i.
h the!8cu,9n ucle u s, the proton(q)p3/2andthe neutro n
(”)pl/20 rbitalslie ne arthe Fe mi s urfa c eL T herefore, the l
'
gr o und state and the 2
＋
first e x cited state in
68ctL ar ee X･
pe ctedtohave alarge c o mponent ofth
e り7P,/2VPT/
1
2 CO n丘gu
-
ration . T his simple co nfiguratio nglVe S aninsightinto the
皿 Clear structure a r otmd 6SN i. h pardcdar, the B(M l;2
十
→ 1
')valtL eProvide s ago odte stofa shellm odelcalcd ation･
Fu rthe rm o re
,
th isB(M l)valu egivesinform atio n o且 the c ore
ex citation,in particula r,for the Z,N - 2 8co re･
Excited statesin
68cu w ere 丘rst st udied throlgh the γ
decay ofthe
68
cu iso mer(Tl/2- 3L75 min)prodtlCed by the
68
zn(n,p)re action[1 9-2 2]･ Sherm an ei all [2 3]studied en
-
erg ylevelsin
6胃cu by the(i,
3
He)tra n sfer re ac tio n. Rec en tly,
thegfa cto rs of 血e grounda ndtheis o m
edc stateswerern e a-
*on le a v e丘o m China hsbtute of A土omic E耳ergy, P10･ Bo x
275(67), Bejing1 02 41 3, Chin a･
1Ele ctronic addr ess:ishii@popsv r.tokai.ja eri･go .jp
‡pres e nt address:Kyoto Univ e rsity Rese arch Re a cto rhstiblte,
Knm atori, Osaka 590
1 494, Japan･
0556-2813/2003/68(5)/05430 6(6)/$20･0
slued in 68cu s eparated 丑
･o m 鮎sio nprodu cts using a m ass
sepa rat orwith a chemicaly sele ctivelaser-ion-so 甘 Ce [24].
we fo und a nan o sec ond is omer in 6吊ct1[25]pr o血 ced in
he avy
-10 n de ep血 ela stic collisions lユSl ng a n iso mer- sc ope
[26].
h the pr es ent s tndy, w e have camied o -1t a decay e xperi-
ment of68ctLm Produced by the
68zn(n,p)r e a ction ushg
1 4- MeV neu tron s. This r e action pr ovide s an alm o st ptu:e
68cum s otu:ce withotLt Che micalorm as s s epar atio n. We have
me a51∬edtheli氏time of血e五rste xcitedstate and obtained a
sm all B(M l;2' - 1＋)value . We show that a parameter- 缶e e
shellm odel calculatio n withh the q 3/2VPT/
1
2 m odel space
co rr ecdy predicts this B(M l)v alue by using e XPerimen talg
factor s ofn eighborinB m Clei. Furthe rm o re, w e sho wthatth is
s mal l B(M l)valu ecanbe explained by a shellmodelcalcu-
lationin thej;/
r
2bコ/2f5/2Pl/2)
n＋r(r- 0,1)m odelspace･
1l. 丑X P E R IM丑NTS
T he 6窮ctlm S OtU Ce(Tl/2=3.75 min)w as produc ed by the
68
zn(n,p) reactio n at F NS(申sio n netltrO nics so u rce)in
JA E R l. T hre e
68zn targets of O･2g and 1 0m m in diamete r
w e reprepa red 丘om the 9 9･4% e miched
68zno powde rby
the follo w ing PrOC ed町 e･ T he
68
zno powder wa sdis s olv ed in
a o.1 M H2SO4 SOhltion･ T hen, the
絹zn metalwa sdeposited
by elec trolysis o na thin plat血 m wire ･ T he
68
zn m etalre-
m oved &om the Ptwir ew as sha.Fed by pr es singitin a m old
1 0mrn 血 diam ete r. Each target wasse aled in thin parafRn
paper a nd in apolyethyl
ene 五lm･
T he
68zn target w asirradiated by 14
- M eV n elltrOnS at a
place ofabout5× 10
9cm
十2
s
- 1
n etltr O n且Ⅷ;F NS ge n erates
4X IO12s
-1 ne utr o n sbythe
3E(d,n)re a ctio n using a3 7 T Bq
tritiu m rotat mg target･ T he
68zn target wa sirradiated fo r
1 0min and the ntran sferr ed throtLgha pn eum atic ttlbe to the
outside of 也e i∬ adiation ro o m. T he j∬ adiated target wa s
co oled for abo ut2 min . T hllS, the cycle of 10
- min irradia -
tion, 2- min co oling, and 8
- min me a su r em n t wa srepe ated
68 05 4306-1
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us皿 g thre e
68
zn targets･ s inc ethe production c ro ss s e ctio n
of68cum is 5 mb[2 7Lthe ac tivity ofthe 6 8cuJV sour ce w a s
abotlt3 0 k Bq at the beg血 血 g ofthe neas u rem en t･
Lifetim e s of e xcited statesin 6召cu we r e m e a sured u sing
two BaF2 detec tors of 2 5m m in diameter and 1 0m m in
thickne s s. T he s edete cto rsw ere pla c ed fa ce to face at a dis
-
t ance of2 0m m and the
68cum s ource w a spla c ed at the c e n
-
terbetw e e nthe m . A P-ray abs o rber m ade ofa 3.5- m m -thick
alumin um plate wa s atta ched to both of the detecto rs. The
lifetim es were also meas Ⅵ∫ed by another dete ct o rc on丘gtlr a
-
tio nto redn c eba ckscatten皿g γraySもet we e nthe】∋aF2 detec
-
to rs. In th is co血 gura也on, the BaF2dete cto rsw ere placed at
90o and a 3- m m -th ick le ad abs orbe r w a spla c ed bet we en
them . h Se e. 止Ⅰ, the form er detector con五g町 ation wi11be
referr ed to a sthe 1 80
o
s etup, while thelat er wnl berefer red
to a sthe 9 0
o
set up･ T he purityof the
68
cu
m
sm rc e was
m onitor ed thro ughthelifetime me a s Ⅶr e m e ntby m e a sur mg γ
rays wi也a Ge detecto 工
T he BaF2 S Cintillator was m ol 皿ted on a Ham am atsu-
H 3 37 8photo m ultiplier tube a 皿d 血e tim e pickofFsignals
w e regene r ated by an O R T 五C-58 3co nstant 丘a ctio n dis-
cri minato r. An O R T E C-5 6 7tim e-to - amplitude con ve rter
(T AG)w a s employed and w as calibrated using an O R T ヱC-
4 62tim e c alibr ator. T he っん γt C Oinciden c edata w ere re-
co rded even tby eve nt. An energ yre s oh tion wa s9% for the
57 0-keV γ r ay of
207
臥 A typic al tim e r esol血 o n of 也is
system wa s1 3 0ps at fu ll wi dth at h al fm axim urn for the
11 7 3-1 3 32 keV ㌢ray c ascade of
60
co ･
A ㌢ray s血gles measurement wa sperform ed in o rderto
obtain the γ･ra:y en ergle S and intensitie sin
68cu u slng an n
type Ge detecto r of33% relative eBicie n cy. T he dist 皿C e
betwe en the s our ce and the su rface of the detec tor was
1 02m
.
m ･ No β- abs orbe r w as placed o n th is detec tor･ T he
detectlO n efRcien cy ofthe Gedetec to rwa scal ibratedu sing a
standards oⅥ∫c e of152Eu
,
133Ba, and
207Bi, and w ascorr e cted
forthe s elf- absorptio nin the
68
zn target･ T his abs o rpti o nW as
e stimated on the basis ofthe attem ation ofthe γ-rayinte n-
sities m e a sured by puttlng the sta ndard so tLrC e SO nthe
68zn
ta rget.
111. R E S U IJT S
Figtlre S1(a) and 1(b) sho w y-ray singles spe ctr a m e a-
stued with the Ge dete ctor a nd with the BaF2 detect or, re-
spe ctiv ely, in thelifetim e m ea suremen t･ M o st ofthe yrays
obs er ved in the spectra a re e mitted by
68cum ･ s 血ce the
gro und state of
68cu de c ays to
68zn with Tl/2
- 3 1s, the γ
r ays in
68zn also appe arin these spe ctra. Altho ughy rays
following the P de c ay of 67cu (Tl/2- 6 2 h), 65N i(Tl/2
-2.5 A), and
69
zn(Tl/2- 1 4 h)ar eals o obs erved, the s e c on-
tribution s ar e s m all. FigⅦ e1(c)shows atime spec t ru m me a-
sured withthe BaF2 dete ctors. 1tis r em arkable that morethan
halfofthe coin ciden c e ev nts are due to the dec ay witha
lo nglifetim e forthe 84-keV level･
T he de c ay s che m e of
68ctlm is sho wn in Fig･ 2･ Cohci
-
de n c e relatio n ships measured in this wo rk ar econsistentwith
the pr evio u s schem e[2 8]. Spin - as si辞 皿 en tOf the 61 1-keV
levelwill be disc us s ed in Sec･ 工V. Figure 3(a)shows a7-ray
spe ctrum coin cident withthe 5 2 6
-keV 7/-ray e n e rg y(includ-
0)
･ ～
fコ
:コ
O
U
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ゴ
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10 77
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500 ユ0 00 1 500
Y-rayEne rg y (1.00keV /cha n n e()
84
】11
/
/
/
526
占37
BaF2 (b)
d省cllB
10 77
0 20 0 4 00 600 $00
y- rayEnergy (I.57 keV,/cha n n el)
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0 1000 2000 3000
Tim e(42.05ps/chaJ n el)
4000
FI G. 1. (a)A ㌢raysingles spectru m m east u ed wi tha Ge detec-
tor. The ㌢ray e n ergi es ared pictedfo rthe tra n sition sdesc e nd ing
Bo m68cum ･ t he107 7-keV γrayfbllo w stheβde cay of thegrot md
statein 68cu ･(b)A y-raysingles spectru m m e astu ed wi tha BaF2
dete cto r･(c)Atim e spectru m m ea su r ed by 也eBaFTBaFTtC Oinci-
de n ce withn ogates o nγrays.
ing the Co mpto n co nti u um under the pe ak) and with the
delayedpart) betwe en 4 n s a nd 87ns &om the pr omptpe ak,
ofthe TA Cspec t rum . This spe ctru m wa sderived &o m the
data ofthe1 8 0o set11P･ Figure3(b)is a γイ ay SPe Ctru mc oin -
cident with the 52 6 keV ene rgyand with the prompt pa rt
bet we en -0.4 n s and ＋0.4 n s, derived 丘o m the data ofthe
90O s et up ･ h Fig･ 3(a), n o othe r componen ts ex c eptfo rthe
84 keV pe ak are obs erved･ T his fac t wa∬an ts the following
lifetim e analysis forthe 8 41keV level.
Decay c u rvesfor the 84
-keV level w ere obtain ed by s et
-
血g gates o n a c o mbin atio nofγray e n e rgle S me a S tH
･
ed with
the BaF2 dete ctors. Figtu e4(a)shows tho se c urve sderiv ed
丘o m 也e data of 也e 1 8 0
o
set叩 by s et bng the gate s of
5 2 6- 84 keV a nd 63つL 84 keV . T he e xperime ntaldata w ere
fitted wi than e xpo n en tial dec ay curv e, a e xp(一 九t),by aleast
squ ares m ethod and the 五tted line s a redr awn , a s sho w nin
Fig. 4(a),in the range wherethe e xperim en tal data were u sed
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as the input value s. We dedu c edthelifetim e ofthe 84,keV
lev el 丘o m the slopes ofthese fitted 上n esas w ellas 舟o m
tho s e of the decayctgvesBated onll ト 84 keV ･ A llthe v al-
u es of the slopes forthe six decayclユⅣ e Sarethesa m ewithin
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FIG. 4.(a)De cayc ur v esdu eto thelifetim e ofthe84-keV lev el
obtain ed by s etting the gates o nthe ㌢ray c ornbin atiozIS Of
526-84 keV a nd 637184 keV･ T helin es触ted to an exponen血1
de cay aredra w nin the Rtting ranges. 仲)A 血m e spe c加rnfbrthe
611-keV lev el obtained by the gate o nth･e 526rkeV y-ray e n erg y
(startsign al)and thei1 トkeV γfaye n ergy(Stop Sign al)･ T Le slope
of thelinedra wnin 也is 丘gu reElv es a n upperli mitfo rthelifetim e
ofthe 611-keV lev el.
= 7･84(8)n s･ T his e rror was e st91 ated 丘o m the spr ead ofau
the valu e s obtmied in the experl me nta nd &om the variation
of the valu es r e sulthg &o m changng the fitting range . We
also a s c ertained that the con t aminan twitha long lifetime
compo ne ntis n egligible by fittingthe e xperim ental data with
a c urve consisting of an e xponen tial de c ay and a c o n sta nt
backgrotmd, a esp(Th,i)＋b.
Figu r e4(b)show s a 血 e spectm m obtained bys ettingthe
gate on the co mbination ofthe 5 26 keV ene rgy(start signal)
a nd the 11 1 keV en e rg y(stop signal). T his spe ctr um wa s
derived &om the data ofthe 90o s etup. A ltho ughthis tim e
spec 加 m in clude s acomponent ofthe Compton co n tinu u m
unde rthe li l- keV peak a s sho wn in Fig. 3Cb), th is co ntribu -
tio nis only aboutl O%. T hllS, the slope oftheline dr aw nin
this figure allows us to deduce an upperlimitof 4 0psfo rthe
h al 且ife ofthe 6 11-keV level.
γr ay e n ergl eSand intensitie sin
68cu ar e sum marized in
Table エI We deriv ed the γray 皿tenSities by takingin to a c-
c mn tthe c as c ade s u m m ing efFe ct, altho ughthe c o rre ctio n
re sulting 缶o m this efFe ct was abo utl% e x c eptfor the w eak
61 0-keV tr ansitio n･ T heintensity ofthe 6 1 0-keV γr ayhas a
054306-3
59
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,
エS 皿
,
A S Al
,
H O Rl
,
O G A W A
,
N D N A K A D A
TA B LEi γrEy energies aJld inten sitiesin
68cu .
P H YSIC A LR EVIE W C 6 8, 0543 06(20 3)
E
γ(keV) 1γ αr
pr es ent w o rk Pres erlt W Ork Swindle
a
Tik ktlb pres ent w o rk Sw血1dle
a
Tikku
b
84.1 2(6) 1 09(4)
110,7 4(6) 22.2(7)
52 6.44(6) 100
610.3(3) 0.5(2)
637.1 4(6) 14.3(4)
9 6.4('5 8) 95(5)
2 2.3(r13) 24.3(1 6)
1 00 100
1.4(4) 1.7(5)
ll.2(15) 1 4.7(1 5)
0･05(4) 0･156(25) 0.21(7)
3･52(12) 3.19(22)
aReferenc e[21]_
bRefer en c e[22].
la rge e工TOr, be c aus eit wa s c o rrec ted by co nsidering the s u m
peak ofthe 5 2 6
-keV a nd the 8 4-keV γ r ays as w ellasthe
ove rlapped 609-keV γrayfollowlngthe de c ay of
214Biin the
r o om ba ckgr ot md. T he inte mal co nversio n c oefBcie nts
(ICCs) calculated 丘.om the ㌢rayintensity balan c?
are als o
give n h Table I. In tensi ties and I C Csin the prev io u sW O rk
[2 1,2 2] ar e sho wn in this tablefor co mpariso n.
IV, D IS C U S S1 0 N
We first clarifythe difFeren ce bet we enthe pr e se nt res ults
皿 d thos e ofpr evio u s reports[2 1,2 2]. T he6 1 トkeV levelwa s
previously propos ed.as T on the ba sis ofthe ICC and the
lifetim e ofthe 1 i1-keV tran sition[21,2 2]. How ever, theICC
ofthistransi tion αT-3.5 2(12)o nly s uppo rtsthis transition a s
M 3o rE 3;a the oretic ala Tis3.7 land 3.75 for an M 3and an
E 3tran sition, re spe ctively[29]. T he tr an sitio n rate of the
l llrkeV γ r ay c o rr esponds to 1.0 W.u . a nd 0.02 W.u. fTo r
M 3 and E 3, respectively. T here is n ore a s on th is transition
rate favors a 皿 M 3 m ultipolarity･ We w otLldrather propo se
that the spin parity of th is level is 3
＋
o nthe ba sis ofthe
following Shellm odel c o n sideration . Lo w-lying neBative -
padtystate sin
68c11 Sho血dhave the J7TP3/2Vg9/2C OnRgur ation .
A 止the qua rtet m e mbe rsofthis c o n丘gnr atio n w e recle aJ
'1y
observed by the(t,
3
He)transfer reac tio n[23];the 6
1
iso me r
is a m e mber ofthis qtLarteta ndthe other membe rslie above
this is om er. More ov er
,
otu re ce nt experim ent u sing hea vy
-
ion de ep
- mela stic collis ons sugge sts that o ne ofthe quartet
m embers at7 77keV ha sthe spin pa rityof 3
-
[25]. On the
otherhand, the 3
＋
st ate with the 7 P,/2Vj;/
1
2CO n丘guration very
plm sibly exists at 611 keV, becaus e the 7Jj;/
1
2 State lies at
694 keV in the n eighboring nu cleu s67N i[3].
Theintensityofthe8 4-key γray m e a sw ed bythepre s en t
w ork is also different &om the previo tlS O n e S[19-2 2]. T his
inte n sity afFe cts the e stim ation ofthe B(M l)v ahe of the
8 41keV transition, becau se the E 2/M lmix mg ratio of this
tran sitio nis deduced 丘om the ICC derived 丘o m the 7-ray
intensibr b al皿 C e. Since al 1 the previollSdata w ere m eas u r ed
in the e arly 19 7 0s, o ne of the m ostlikely re a s ons for this
discrepan cyis thatthe e凪ciency c alibr ation ofa Ge(Li)de -
te ct o rbad a la椙 e e rro ri皿 tbe80 keV energ yreglOn . T bob-
tah a dete ction efRciency at about80 keV, on e11S11 ally u s e s
the standard inten sity of the 7 9.6
- and 81.0-keV γline ofthe
13 3Ba sow c e･ T his inte n sityin the refe ren ce s c o mpiled in
197 0s[3D,3 1]wa s s 皿 alle rthan the presento且e【32]by abou t
10%･ Therefore, the 197 0s data of the 84-keV intensity
wo uld be c ome sm alle rthan that血 the pr e sen t re s ult.
Now we dis cussthe B(M l;2
＋
→ 1
＋
) v alue of the 8 4-keV
transition . Fr o m the pres e nt re sult of the 工C Cof the 84-
keV tra n sitio n, αT - 0･05(4), we regard this tr a n sition as a
pur eM lm ultipolarity;athe oretic al aTis 0.08 6and I.18for
a pure M la nd E 2tr ansitio n, re specdvely[29]. T hen, the
B(M l) value is obtain ed a s0.0077 7(8)FL , or 1/23 0 W.u. ,
缶om the m e asured lifetim e ofthe 8 4-keV lev eland the the_
oretic alαrfbr 血epl∬e 〟1 tr an sitio n.
T he B(M l)valu ec anbe es tim ated by a sheu modelcal-
culatio n whichtake sthe coretobe 68N iand u s e s experim en -
talgfa ctors of n eighboring nu clei. T he B(M l)value with
one protonCfJ a nd o n eneutro n(/”)o utside the c o reis cal-
c Ⅶ1ated as
3
B(M l;I,･ 1 If)
≡ d2I/＋ l)jqU甘 ＋1)(2j汀 ＋ 1)
× w
2
uw'
'
J/1;Zjq)×(gq
-
gp)
2
, (1)
where g,, and gv a r eg fac tors of thej℡ pr oto n and thejv
nen tro n
,モe.sPeCtively[3 3]･ T he B(M l) valu e of the 84-
keV tr ansltlO nbetw e en the 7,P3/2VPI)2 do ubletsis
B(M l;2･ - 1.)-孟×言×(g℡ - gv)2 - o･o42 7p訂,
(2)
w here g甘
= 1･89 3FLN and gソ
ニ 1.2 0 2FLN a ret aken 丘o m the
experim entalv alues of the 3/2
‾
gro undstatein芸cu40 a nd
the 1/2
-
gro tm d state in至言Ni39, r e spec tively[13]. T his cal･
c ulation reprodu ce sa s mal B(M l)valtl e, Which originate s
缶o m the c a nc ellation of g,,
-
gリ. T he g fa cto r of the l
十
gr ound state in
68
cu w a s als o m eas u red recen tly by a
la s e r-ion
T
S O ur Ce te ChniqtletO be ＋2･4 8(2)(7)pN[2 4]･ T his
g factor lS C alculated a s
g(1
･
)-去(5g打 - gy)- ･2･0 7pN ･ (3)
T hus, the calmlation in the 7TP3/27JPT/
1
2
m odel space pr o
-
vides a go od desc nptlO皿 Of 血es e 〟1 m atrix elem en tsin
68cu
,
u s lng n O丘e epa ram ete rs･ T hese re sults are show nin
Table 工エ a s CalrA･ Ho we v er, itis difficult to adju st the
calculation more a c ctm tely forboth the B(M l)v ahe and
the g fac to rby only changing the g, T and gγ effectively.
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cu
T Al 3L E Ⅱ. Slellm odelcalcTLlatioIIS Of 也e M lm atrix ele m ents
in 67Ni,
69cu , aJld
68cn . jul the v alu esinthetable ar ein u nits of
FLN･ Cal
-A
,
qp3/2yP;J2 m odelspa c e u sing 也e expe血 entala(1/2
-
)
v altle Of
67
Nia nd g(3/21 valu e of69cu . c alrBl, b,/2f5/,Pl/2)C
modelspa c e･ CaトB 2, .G/r2b3/2f5/2Pl/2)n
'r(r= 0,1)m odelspa ce. Tw o-
body inter actio n s u s ed jJIC al｢β1 a nd Cal-B 2ar edes cribedin the
text.
NllCle us CalA Cat-B I Gal-B 2 1ヨⅩpt.
塁;Ni39 g(1/2
‾
) 1.2 8 0.93 1.20(1)a
2
6冨cu40 g(3/2
‾
) 2.53 2.08 1.89(1)
a
g(1
＋) 2.07 2.76
g,8cu39 g(2
＋) 1･72 1.89
r(2＋[(M l”1')l o.46 l.04
2
.60
1
,
37
0.59
2.4 8(2)(7)
b
0.1 97('1)
a
Refe ren c e[13].
b
Refere n c e[24].
This dif
･
TICultyindicates ali mit ofthis calculation us mg a
m 血 mu m m odel space .
We hav e 触 therstudied the nucle ar s加 ctw e of68cu by a
shellmodel calculatio ninafp m odelspace. Toinve stigate
the effe ct ofaf7/2Pa rticle e x citation, a shellm odel c ahda-
tion of theb3/2r5/2Pl/2)I7 m odelspa c ew a s c o mpa red withthat
ofthej;/
r
2b3/2r5/2Pl/2)n
or(r- 0,1)m odel spac e. 1n the for mer
calculation Cal-B l, the M S D Itw o-body interac tions by
Ko ops
- G la ude m an sw e r eサs ed[34]･ h thelatte rcalculadon
Cat- B 2, t wo -bodyinte ra c tlO n Sderived 丘o m the folded dia -
gr am the o ry w ere lユSed andsingle十particle energiesW ere ad-
justedtor eprodu celo w-lyinglevelsin 67N iand68･69ctI. T he
res山ts are su m marized 血 Table 工Ⅰ. h Cat-B l
,
the gfactor s of
the 1/2
-
statein 67N iand of the 3/2
-
statein 69ctL CO re SPOnd
to the Schmidt valu e s of the vpl/2and the 77P3/2Single-
par ticle sta te s, r e spe ctively･ h Cal-B 2, the g(3/21 v alu e of
69
cu is clo s eto the e xperimen t, while the g(1/21 valtle Of
67
N is s止ghtly s ma且erthanthe e xperim e ntalvaln e.
T he s e c alculatio皿S give a m e as u re ofthe purity ofthe
冨,3//22v
V
p
P藷cd.omupbientensttaie記eml＋
6
;c.uidhsetat=spl.i芸子enodf..T8e
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,
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in Cal-B land CalrB2, re spectively. The g(1
＋)value of68cu
in Cat-B 2 is aslarge a sthatin Cal･B l. T hisisin con tr a s t to
the Cal-A result givlng a Sm aller valu ethan the e xperim en t.
On the otherhand
,
the re血 c ed m a廿ix elem en t of(2＋‖M IJ[1
＋
)
in Cal-B 2 is m uch sm ale rthan thatin G al-B l. The s ec alctl_
1atio ns show that this m atrix ele men tcompn se sthe co mpo -
n en tso ngmat mg &o m proto n sand &o m neu tr o n shaving a
co mparable m agnitudebutan opposite sign a ndthatthe dif-
fer e nce betwe e nthe s ecomponentsin Cal-B 2 iss maler than
thatin Gal-Bl～ Therefore, this(2＋lfM IJ[1＋)m atrix elem en tha s
a sm allvalue a且d is s en sitive to aj与/2 Particle excitatio n.
Althoughthe experimental(2
＋HM IHl十)valueis stius maller
than the Cal-B2 result, the calmladon may beimproved by
extending the m odelspace to in clude the ex citation toa g9/2
o rbital.
V. C O N C L U SION
We ha v em eas ured thelifetim e ofthe 点rst ex cited statein
68cu through the γ decay of 68cum p,oduced by the68zn(”,p)re action using 14- MeV netltrO n S. We .btained a
smal l B(M l)vahe betwe e nthe 77P,/2VPT/
1
2 doublet statesin68cu ･ A par a mete r･ &ee shellm odel calculation taking the
c ore as
68
Nigivesa good predictio n ofthis B(M l)vahe by
tlSl ng e xperim e ntalgfa ctors ofthe1/ Tstatein
67N iandthe
3/2
‾
state in 69cu･ Boththe B(Ml;2' 一 1') and the g(1
＋
)
valuesin 68cu c an be explahed by a sheu modelcalculation
in thejbm odelspaceinclⅦding af7/2particle ex citation.
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We present ol - e Sults o nproper由s ofgrol 皿d statesfo r n u cle onic system sin he pres enc eofra ndo m
tw o-bodyintel udon s. h pardc 叫 w e c alcnlateproba坤b, distribudo 血Sforpari取 s ¢niority, spectro s copic
(i･eり in 也elaboratory &a m e)qu adrupole m o m e nts, anddisc u ss α cluste血gin thegro u ndstates. We find 也al
the probability distributio nforthe paribT Ofthe gro一皿d states obtain ed by a tw o-body r'TLndo m eJIS e mble
s 血 1atesthat ofre alistic n u clei wi th 胸 70: positiv eparibTis do mhantin the gr o u ld statesofev en- ev en
m clei
,
血iユefo r od d- oddn u cleiand odd- m ass n u clei w e obtain with alm osteqnalpr obabihty gro u ndstates
w 他 posidv e a nd n egativ eparibT, h additio n, assuming pu re rando minteraction s
,
w eh d叫 fo rthegrm nd
states
,
lo w seniorityis n otfav o red, n odomin a n c e ofpositiv evalues ofspech
1
0S COPicqu admpoledeforrn a鮎n
is obse rv ed
,
and thereis no slgn Ofα -clusteringco 汀elatio n, an in sha rpco ntrast to re ahsticn u clei･ Con sidering
a mixtur e of a ra ndo m a nd a re alisdc intera ctio n
,
w e obs e rv e a s ec o nd,o rderphas etransitio n fo rthe
α - chsterhg c o rrelatio nprobabilib,.
D Ol:1 0.11 03/P hysRe vC.70.0543 22
l. JN T R O J) U C T1 0 N
It wa sdisco ver d 血Re£【1]也 at 血e do m 血 nce ofspin -
zer og m uld states(0 g･s･)c anbe obtainedby diaBO n alizing
a s c alar tw o -body Ha miltonian with rando m val1ユed m atrix
ele m e nts
,
a so-called two -body rando m en s emble Cr B R E)
flamilto nian. T he 0 g.s. do mina nc e w as s o on con丘m led in
Ref･ [2]for sd-bos om systems. T hisfe attlre W asfotmdto be
robu st and insensitive tothe deta止ed sta tisicalpropertie s of
the rando m fla milto nian
,
s11g geS血 g that the 0g･s. domi-
n a n ce holds f♭r a verylarge e n s emb le oftw o-bodyinte r ac-
tio n s o也er 血皿 a Simple m o nopole p m ng m terac血 皿. A皿
tmderstanding ofthis dis c ove ry lS Very I mpo rtant, bec au se
this observatio n s e em sto be conb･aryt o whatistradito n ally
as sum ed in m cle arphysics, whe r ethe 0g･s･ dominancein
e v e n- eve n n tLClei is u stlally e xplained as are且ection of at-
tractive pa m ngIntera ctionbetw e enlike n u cle on s.
T here ha v ebe en many efFo rts to understandthis obs er va-
tion, buta 負皿dam en t al - der standingis stilloutofr e ach[3].
T here a r e als o m a ny w o rks [4]studying other robu stphe -
no m ena of m a ny
-body syste m sinthe prese n c e ofthe T B R E,
fo r e x ample the studies of odd- even staggering Ofbinding
en e rgie s, gen eric c ollectivity, the behavior of en e rg ycen-
tmi ds of 五Ⅹed spm states, c o rr elatio n s, etc.
*
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T he purpos eofthe pre
/
s en tpape ris to fo c u s our atte ntio n
o ns o me physicalqlユan titie sin the ground state swhich have
notbe en stndied yet, specincal 1y parity' s emiority' spectro -
sc opic quadrupole m ome nts(i･e･ , m e a su red in thelabor atory
丘am e), and α -clu ste血g probab nity. Fo r realistic mLClei,
the s equ an tities show a veryregularpatter n･ h thispaper, w e
shau disc us swhether thes er egularpattem s are robustin the
prese 皿C eOfrandom interactions.
As is w e皿 known, alleven- even n u clei 血ave positive-
parity grou nd states(i･e･, 10 0%), where a sthe grou nd states
of - cleiwith od dm a s numbers have only a slighdy higher
probability forposi也v eparity thanfor negative pa rity. O d d-
odd m clei have alm o stequalprobab nitie sfo rpo sitiv
,
e- and
nega也ve
-
paritygro undstate s(- 5 0%). T he sta tisdc s血r the
gr ound- state pa rib, ofnu clei with m a ss 芯umbe rA 参 70are
s um m arized in TableI･ Asthe firststlbject, we w山 studythe
gro Ⅷd-stateparity distri btltion u sing r ando m interacdons.
TA B L E l･ Thepo sitiv eparitydistribtLtio n of thegrot ndstate s of
atomic n u clei･ We hchlded allgrotLnd- stateparitie s of 皿 Cユei with
m as s n tlmberA≧ 701 Thedata a retake n&o m Ref.[5]. Wehav e 皿Ot
takeninto a c co u rlt thos enu clei fo r which 也e gro Ⅶユd-state parity
w a sn ot m e as ur ed.
CoTlntS Ev en- ev en 0 dd-A 0 dd1 0dd
v e血 ed(＋)
v eri aed(-)
te ntativ e(＋)
tentativ e(-)
48 7
0
0
0
2 81
215
159
12 6
118
10 4
70
60
70054322-1
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T he nexts ubje ct that we sh all discu s sin this paperis the
distribution of s eniority h the gr otnd state s･ Se niority[6]
has be en proven tobe a ve ry relevant conceptin n tlC e ar
physics, 1n Par tic nlarfor sphericalortr ansitio nalnuclei. Se
-
niority(”)is u niqu ely de血1 ed fo r a single -j shell;it was
gene raliz edto the c as e of maⅡy-jshellsby Talm in Ref･[7]･
h Refs . [l,8]it was r epor ted-that the pairing phen o me n o n
s e ems tobe favored simply a s a c ons equ enc e ofthe t wo
-
body na亡ure of theinte ra ctio n･ The
"
pa 血 B
”
of Refs･ [1,8]
w as charac tedz ed by a large m atrix eleme nt ofthe S palr
在皿ihilation ope ratorbetwe e nthe gro皿 d state sof an nfe r
-
mio n syste m a nd an n
- 2, n
- 4, ･ L ･ System , Where the S pa rr
stru c ture is deter min ed by u smg the procedu re of Talmi
'
s
ge neraliz ed s eniority schem e . T hisindicated that the S
-
pair
c o rr elation is do min antfo rthe spin -0 g.s . of thes esyste m s･
比owever, a n examin ation ofthis
以
palr mg
H
correlation offe r-
mionsin a single
-jshell in Ref･[9]showedthatan e nha n c ed
pr obabilityforlow s eniorityin the spin
-0 g･s･is no tobs erved
in m o st ofthe c alculatio n susing a T B R E flamiltonia n･ For
ma ny
-j shells, the rehave be en only a few discu s sions to
clari
.
fythis points ofar･
Another stLbje ct tllat We Shall dis cu s si the a-chster mg
c o汀ela血 n 血 也 e pres en c e orr 皿dom 血:er ac血 ns･ T 九eim -
po rta n c eofthe α
-clu ste血g c orrelationinlight a nd medium
r[qclei ha s be en empha sized by m竿y authors [10]･ The
α ･clu ste rlng COr relatio n als oplays an Im po r
tantr olein a stro-
physicalpro c e s s es, stlCh a sthe Salpeterpro cess in the for
-
m ation of
1 2
c･ M any calculatio n s oflow
-lying states, us mg
the antlSy mm etrized m ole cda r
-dyna mic s model, hav ebe e n
do ne中r ecen tye ars[11]to study the α- clu stering and othe r
chste n ng c orr elations forboth stable a nd unstable light m 1-
clei. a - clu ster co ndens atio n w as sllg ge Sted by Horiu chi,
schlユCk, and c ollaborat orsin Ref.[12]･ As a血 nctio n ofthe
ad mixtu re of a re alistic to the T B R E interaction, a phase
tr an sition is obs erved for the a- clu sterlng Pr obabilityin the
gr ound state ･
h this paper, we als odisctlS Sthe sp
ectr oscopICquadru
-
pole mo m e nts(i.e･ , m e as ur ed in thelabo r ato ry fram e)ofthe
grotmd state s･ A po sitive valu eofspec tr o s c opI Cqu adrupol
e
defo rm atio nis domin antin the lo w-1yhg state s of atomic
m lClei. Re c en tly, itha sbee n a rgued in Ref･[1 3]that this is
dLletO theinte rference ofspin-orbit and 1
2
term softhe N ils-
son potential･
o ur calc山 ations ar ebas ed o n the u se of T B R E inte r ac-
tions ･ T he single
-particle e n e rgl eS are S et tO be zero･ T he
Hamntonian that we u s e c o n s erve sthe to tal a 皿gular m o m e n
-
ね m and is o spm ,
ノT
H - ∑ 厄 前 前 Gj7;･ 仙
JL/2J3J4
1 ＋ 6
,
.
J2Jl＋ 6,･d･.
･[(ail X al2L)(
Jn x(a
～
j,I
X a
-
j.I)
(Jn](
00)
, (1)
wher ethe a
,7jd.J. a red 血ed a sUJ
'
2JTtVIj3j4J T) and fol-
low the follow mg distri bution:
咋 ‰4)- 志e xpし禦) (2)
with
∬ =
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1 iflU
'
L7
'
2)J T)-[O
'
3)
'
4)JT)
1
-
otherwis e.
2
(3)
The H amilto nia n so defin ed is cal led a T B R E I-lamilto nian.
He r ejl,j2,j3, andj4 deno te the respe cdve s mgle -particle
o rbits
,
and J(I)denote sthe totala皿gular m om en tum (iso-
spin)oftw o n u cleo ns･ For e a ch system , 1 00 0ru ns ofcalc11-
1a也on s are pe r払 m ed 血 orderto ac cll m-ユ1ate stable s tatistic s.
This pa･pe ris organiz ed as
lfollows ･ h See. Il, we present
o u r re s ults forparitydistri btltio nsfora v ariety ofsyste m s. h
See. ill, we dis c u s sthedistd bution ofseniorityin the grou nd
states using random inte ractio ns . ln Sec. 1V, w e show our
r es ults fo r spectro s c opICquadrupole m o ments ofthe grol皿d
states which suggestprolate or oblate shape s. h Sec･ V, we
血s clユSS 血e α- clu ster血g c o rr elation 血 the ground sta tes. A
sum m ary will be givenin See. VI.
11. P AJiI T Y
We selectfou r m odel spaces forstudying the paritydis-
td bt山o nin the gro u nd state s obtain ed by random interac-
tions.
(A)Bothprotons a ndn e ntron s a rein thef5/2Pl/2g9/2Shell,
which c o respo nds to nu clei with bothpro ton n u mber Z and
neutr o nn tlmber N - 40.
(B)Proto ns in the f5/2Pl/2g9/2Shella nd n e utr o n sin the
g7/2d5/2 Shell, which corresponds to n uclei widl Z
- 4 0a nd
〟 - 50.
(C)Bothpr otons andneutrons ar ein thehll/2Sl/2d3/2Shell,
whichcorrespondsto n u clei with Zand N
- 8 2.
(D) Proto n sin the g7/2d5/2Shell and n eub･o ns in the
hll/2Sl/2d3/2Shell, which corre spo nds to m clei with Z
- 50
and N - 8 2.
T he s efour m odelspacesdo not c oITeSPO ndto acomplete
m ajor Shell btLtha v ebe entruncated in o rde rto m ake the
c alc ulatio n sfeasible. T he s et ru n cations are basedon the sub-
shellstructtues of the inv olv ed single-par ticle levels･ We
study the depe nden ce on vale nce-proton n u mber Np and
valence - n eu tro n n u mbe rNn in thes efotu m odelspace s･ It is
no ted that the n u mbersofstates[de n oted asD(1)]forposi-
tive and n egative parity are ve ry clo s eto e ach othe rfo r all
these exa mple s. T he D(I)
'
s for a fe w e x a mple s ar esho wn in
Fig･ ll On ethu s expectsthatthe probability ofthe gr ol md
state swithpo sitiveparityis aro und 50%,ifo n e a s s u m e sthat
e a chstate ofthef 山1shellmodelspa c eis equ ally probablein
也 e grou nd state ･
The calctLlated statisticsfo rtheparityofthe gr oundstate s,
using a T B R B Hamiltonian, 1Sgiv eninTable a T his clearly
show sthatpositiveparityis favo r ed, and do min antfor mo st
e x amples, fo rthe gro und states of even- eve n ntlCleiin the
pr es en ce ofrando m inte rac tio n s･
T he statistic sforn uclei withoddm a s s nu mbers and n u-
clei withod dv ah e s of both Np
and N”(the nu mbe r ofpr o-
to n s andthe n umber ofn elltrO n S, r eSpeC也v ely)is also giv en
in Table lエ. T he s e statis也c s show that the pr obabiltie sto
ha v epo sitive o rn egative parityin the grou nd state s ar e al
-
m o st equalto e a ch othe rwiths o m e e x c eptlOnS ･ h ge n eral,
the reis n ofa vo血 g fo r eithe rpo sitive parityo r n egative
054322-
68
空A T E R N S O F T H E G R O U ND ST A T ESI N T H B･ . ･
(a)
ー ■
⊂
●
邑
め
,=
:tf
>
”)
Q)
～
a
∽
5 00
0
+
也)
i 500
コ
⊂
/
戸
- 1 - PO$11v 8Pa巾y
- C)- n egativepa rity
∈v e R･ 色V e n Ca 卓e
頂
10 15 20
C
[
=a
- ” - POSitiv opa rity
-ロ ー n egaLEv cpan:y
odd･e ve n c as e
甘
口
1 0 15 2 0
20 0 0
1 0 0 0
1 000
500
(b) ーJa - pO帥 v叩 arity
一 己 - n Bgallv opar(”
Ev 8n･ aV 8 n Ca s㊤
㌔
5 10 15 20 25
(d)
㌔
ロロ
-
■
-
po s川v 8ParJty
- E)- n oga(ivcIP且rlty
odd･oddc ase
㌔｡
10 1 5 2 0 2 5
spin I
FIG. 1, Nurnber ofstateswi thtotala ngnl<v m o m e血 m 1[de-
n oted asD(I)]vs1. On e s ee sthatthe D(1)ofpositive paritylev els
and that ofn egativ eparityle v els are v ery clo seto e ach othe r(a)
Tw oproto nsinthe lg9/22pL/21j;/2Shelland fわu r ne utro ns in the
2d5/21g7/2 Shell; (b) tw o proto n s and tw o n eutro nsin the
lg9/22pl/21f5/2Shell; (c)tw o proton s and thre e n etltrO n Sin 也e
lg9/22pu 21f5/2 Shell;(d)thre proto nsin thel hlI/23Ll
l
L/22d5/2Shell
andthr e e n e utro n sin the 2d5/21g7/2Shel .
parityin the gro und states ofod d m a ssnuclei and do ubly
odd n u cleiin thepre sen ce ofrando minter a ctio n s･ lt is n o ted
thatthe s ecalculationsar edo n efo rthe begin ning of the shell.
Fo rthe e nd ofthe shell, the re sdts show a similartr end･
TA B L E ll. Thepo sitiv eparityprobabiltyfor the gr ot mdstates
(in %). Nu mbers ofneutro n s and proto n s(Np,Nn) ar egiv enin
parenthes esfわr e ach c o nfigur atio n.
Basis A
(o,4) (0,6) (2,2) (2,4) (2,6)
86.8 % 86.2 % 93.1 % 81.8% 88.8 %
(2,3) (1,4)
42.8 % 38.6%
(1,3) (0,5)
77.1 % 45.0 %
Basis B
(2,2) (2,4) (4,2)
72.7 % 80.5% 81.0 %
(1,5) (6,1) (2,I)
69.8 % 3 8.4 % 31.2 %
(3,4) (3,3) (2,3) (5,1) (3,2)
42.5 % 74.9 %
Basis C
(2,2) (2,4)
92.2 % 8l.1 %
72.4% 42.9 % 39.1 %
(4,0) (6,0)
80.9% 82.4 %
(4,1) (1,4) (5,0)
75.1 % 2 6.4% 44.1 %
(1,3) (1,5) (2,3) (5,0) (4,1)
73.0% 64.4 %
Basis D
(2,2) (4,2)
67.2% 7 6.1 %
52.0 % 42.6 % 56.5 %
(2,4) (0,6)
74.6 % 83.0 %
(3,3) (3,2) (2,3) (0,5)
54.5 % 5 4.2 % 54.0 % 45.9%
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We also 触d that 也e abov e regularitie sfo rparitydis山 一
bu tions also hold for ve ry
'
sl mPle cases, nam elys mgle
- clo sed
tw o二/Shells withone positive a nd on e negative parity. We
have che cked th is explicitly in the ca s e s(2jl,2h)-(9,7),
(l l,9),(1 3,9),(ll,3),(1 3,5),(1 9,15),(7,5), 皿 d(1 5,1).
T he statisticsis very similar to the above re sults: The prob-
abilty ofgro tnd stateswithpositive pari tyis abot[ 85% fTor
an eve n n umber ofn ucle o n s
,
and abo ut 5 0% for an odd
number of nucle o ns.
工tis intere st mg to n ote thatfTor al even- even n uclei, the
P(0
＋
)isusuanytw oo rdersofm agnitudelarger thanP(O1. 1t
w oul d be veryinteres血g to inve stigate the ong皿 Of this
large difFeren ce,i.e ., whytheO
‾
is n o tfa,v o red in the grou nd
states. Asis the ca s efo r anoddnu mber of bo son swith spin
1[14], spin I= Ois n ot a sufRcien t c onditon t obe favored in
･the gro und states o
'fa many-body system in the pr es ence of
the rando mintera ctions.工tsho山d be n o tedthatforare alistic
g.s., n ot o nlyisI= Oreq.uired but als opositive parity.
One simple and sche m atic system to st udythe parity dis -
tri bu tionofthe grolmd state sin the presence ofra ndo m h-
ter action sis the sp-boson system . First, w e note that an
sp-bos o n sy te m with an od dnumber ofpardcles(denoted as
n)hasthe sa me n u mber ofstate swithpo sitive and negative
parity, and fo r an even value of ” there ar e slightly m ore
states withpo sitive parity(the difference is o nly n ＋I)･ T he
calctlatedres ults of Ref.[15]show ed that whenthe n u mber
” ofsp bo s onsis e ven,the do minant Iofthe grou ndstate sis
0 or ”(abollt99%), withpositive-paritydominance[the par-
ityfo r spbo so nsisgivenby(-)I]. w hen ”is odd, only abotlt
50% ofthe gro undstatesin the en semble have spin 0, a nd
abou t5 0% haveI= 1 o rI- ” . T hisle ads to abouteqtlalper-
ce ntage sfo rpo sitive- andnegativ 叩 aritygrOtmdstates. This
pattem is very simi lar to that observed forfe rmio n syste m s･
皿1. SR N 10 RIT Y
h this se ctio n, w edis cuss the distributio nof the s enio rity,
the n umber ofparticlesn otpa打Wise c o叩1edto ang山ar m o
-
m e nt um o, of thegro undstate sofn u clei in the sdshel inthe
prese n ce ofra ndo minterac tio n s･ Be c atLS e S eniorityis us ed in
clas siB,ing the statesin ourbasis, we de h e the expe ctatio n
valne for se niorityin the Br O皿d state sasfollo ws[1 6]:
くD)- ∑jfv)･, (4)
J
wheref'･is the amplitude oftheith c om?o千entin the gro u nd
-
state w av efl 皿 Ction., a nd
,
J
7
.
,,is the sen lO rlty n umber of the
co respo nding component･
Fo r even- even Ⅱuclei, w e c onside rthe spin
-0 g.s. be c a u s e
previo u sdiscussio n s[8,9] w ere fo cus ed on spin-0 gr ound
states. For od d- ma s snuclei, we c o n siderthe I-i,i, andi
ground st ates, be c a皿Sethese spin Ps ar e equalto the angular
m o menta ofthe single
-
particlelevels h the sdshetland are
favo red a sthe gr oundstatesin thepresence ofrando minte r-
actio n s. For od d- oddnuclei in this s ection w eco n sider the
gr o tLnd states with I
- 1(m o stfavo red) and I- 0 states･ T he
e xample sthat we have c alculated include(N1” Nn)-(0,4),
(o,6),(2,2),(2,4),(2,6),(4,6),(0,5),(2,3),(2,5),(4,3),
(4,5),(3,3),(i,5), and(3,5).
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FI G. 2. Distribution ofs enioriq,in the groundstates withspin
ze ro fo r ev en- ev en n u clei[refe rtopa n els(-a),(b), and(c)ispin 1
-jl,j2,j3 fo rthe odd A ca se[r e氏rto pa n el(a)Lor spin l=1, M or
odd- oddJ mClei[refe rtopa n els(
'
e) and(i)]･ T he er ro rbarisdefin ed
by the sqT1 ar e ro ot Of the c ot mt(stadstics)fbr e ach s enioriq' b 血
(step wi ddlis 1). The domiJlan Ce Ofs eniority2:erO C O mPO n entS Of
grot nd statesis n otobse r ved･
Typical ex amples ofthe distribution ofaverage s eniorib
'
((”))in the gr olmd states ar e show nin Fig･ 2 in arbitra ry
units (i･e ･, r eladve
.
probability)･ T he figure shows that 触
n one ofthe cas e sIS竺smal 1value for(”)prefer red･ T hese
distri btltions ofs e niorlb,in the ground states show that the
la rge matrix elem en ts of the S-pair operato rbetw e e nthe
spin
-O g･s･ of an n
-nucle o n syste m and that of an
(n＋2)- nncle o n system , as observed in Ref･[8], shouldn otbe
under sto od a s 皿 indicatio n ofa large S pa汀 C Ondens atein
the spin
-0 g･s･ of T B R E Hamiltonians･ F-∬ the r studie s ar e
n ece s ary to understand theimplic ations of Ref･ [8]･
1 V. SP 丑C TRO SC O P ICQU A D 且U P O L E M O M E N T
h this section, w e study the quadrupole m o men ts ofthe
grotmd or low
-1yhg state s･ li the gro und
-state spin I is
sm aler than 1(i. e., 0 o ri), the spe ctr o s c opic qu adrupole
m om eチt†eC苧ss arily vanishe s(even thoughthe re c oⅦ1d be a
加ite m tr ns ICm o m en t)be caus ethe triangle relatio n ship of
ang山ar m o ment um c ouplingca nnotbe obeyed bythe two Ps
レ弓圭)andthe angular m om en t umfor the qu adru
.
pole ope ra
-
to r(-2). For thes e c a s e s, one can u s e an alte rn atlVe, n a m ely
the qu adrupole m omen t ofthe n extlowe st state wi th Z
>壬･
Forallca s e sthat we ha v e che cked,itis found that the es-
s e ntialstatistics forpo sitive and negative qu adrupole mo
-
me nts obtain ed by th is alter native is very clo s etothat ob
-
tain ed by neglecting c a s e swith ground state I<!･ h this
pape r, w e show the statistics which do e s n otin clude the run s
l
ofspin
-0 and spm
-
igr ound states･ T he totaln umbe r ofcal
-
cd ated spec troscopICquadrupole m o m en tsis thu s mu ch le ss
than 1 0 00. We note thata negative spectr o scopIC quadrupole
m o mentimp止es a po sitive qtLadrupole mo mentin the 血 血
-
sic 丘am e and thereby a prolate defo rm ation･
T he spectros c opICquadrupole m omen tis defin ed by
Q -(Pl[r2y2MJpI) (5)
Borbothproto n a nd neutron degre es of 丘e edo m ･ h Eq･ (5),
Jq)isthe wa v e免mctio n ofthegrotndstate ･ h thispaper,Q
P H Y SI C A L RE VIE W C 70, 054322(' 04)
wnl be usedto r efert othe spe ctro s copIC quadrupole m oment
folowing &o m Eq. (5).
We ha v e calculated Q fo r an u mbe r ofc as e sin the sd
shelland forseveral 丘11ings ofthe four s 皿gle -pa rticlebas es
men tio ned inSe c･ II. T he r esults a regiven in Table Ill. One
sees thatn egative valu e sfわr Q (c orresponding toprolate
defor matio ns) are do minant with tw o ex ceptions, (NJ” Nn)
-(4,3),(6,5)in the sd shell. h generalw e obs erve thatfo r
the sdshell, the statisticsforpo sitive andnegative v alu e sfor
Qis c ompar ableif Np and/or Nn ar e clo s et otheir mi dshell
valu es.
From Table Ⅱ工, we co nclude thatat the beginming ofthe
shell
,
n egative valu esforQar edomin an t, while at the end of
the shell,positive valuedo min ate. T his s similarto there sdt
fo r aharm onic-o s c止1atorpoten tial, for which prolate defor･
n atio n o c cu rs atthe begiⅡn 皿gandoblate de王brm atio n athe
end ofthe shell[17].
V. α C L U S T 温良m G
lt wa s show nin Ref. [1 8]that the ess en tialpar ts of the
I- 0,T- 0 gr ol md state for
20
N e wi thtwo proto n s a nd tw o
neutr o n sin the sd shellare do min ated by c o mponents with
the highe st orbitals ymm e&y[4];9 1.8 % ofthe grotmd state
is given by co mpon ents with orbitalsym m etry[4] which
co rre spo nds to apl∬e α-Clu s teri ng C OnRgtuation. One may
u sethe e xpectation vallle Of the M ajoran ainteraction,PM, aS
theRngerp血tfor the α-clu s ter wave 伽皿Ction･ An other simi-
la r e x a mple is the I- 0,T- 0 gr o und state fo r
8
Be with two
prot o ns and two neu tro n sin the p she11･ Ifo n eus e sthe
Cohen- K w ath interactio n, one s e e sthat the expectatio n
value of PMis
- 5.7 6, closet o
1 6, which isthe eigen value of
Majorana fo rce . T he o verlapbetwe enthe g･s . wave function
obtained by diagon alizing the Cohen-KrLr athinteractionfor
8
Be and thatforexact S U(4)symm etry(n am ely, fu lls ym-
metry[4]for the gro und st ate)is 0.97.
1
T his do mina nce of
the fu llsym metry[4] with respectt o theperm u tation ofor-
bitaldegre e s of&e edo min theI- 0 a nd T- 0 grotmdstates of
the s e mclei is a nindication of α -cltlSte rlng CO rr elatio n 丘o m
the perspective ofthe shellmodel･ h this pape r, w e c oエCen -
trate o nthe s et w oe x ample s tLSmg ra ndo m inte r actio n s.
To s et 血e s cale, w e can c alcdate 血e m atdx ele m ent of
PM in the I
- T- 0(spin -iso spin singlet)gr ou nd state by as-
slrrl ngthat allthe po ssibleI
- T- 0 state swith different sym -
m etrieswithrespect to the e xchange ofthe orbital degrees of
丘e edo m ap pe a rat an equalprobability･ W e cal1 the PM S O
obtained the ge o m e出c PM ･ To do so, on e ne eds the n umber
of(I- 0,T- 0)states fo r each orbitals ymm etry･
T he pro ce血 r eto c o n st ru c t the state swi thpa rtic ular spm
-
iso s呼 s ym m e&yis givenin RefL [19], while that fo rc o?
-
struct ng wave 加皿Ctio n swith ce rtain orbital sym m etry l S
givenin Ref. [2 0]for the Elnottm odel[2 1], withtable sfor
the sd,pf, andsdg shells･ Final ly, the spin -isospin fun ctio n s
sholld be co upled to the orbitalfunctio n swith their co nJu -
11n 也is paper w e s et the singleparticle en e rgiesto z ero. 1fw etake
the singleparticle e n ergies of Cohe n- Ku a血 血tera ction,this o v er-
lapbec o m es0.991
05 4322-4
70
I)A T T E R N S O F T H E G R O U ND STA TESI TfiE. ‥ P 艮Y S工C A L R 五VIE W C 70
,
0 54322('2004)
T A BLE m･ T he 皿 mber ofc as es withpo sitive(n egative)spectros c opicqu adrupple m o m ents a regiv enin
bold(italic)fo nt, respec也v ely･ We omittedthe cas efo r which the spin ofthegrotuldstateisles sthan1;s e
thetextfor血r血e rdetails.
Bothproto ns and,n e utro n sin the sdshell
(Np,Nn) (2,I)
2 SO 418 33畠
(Np,ND)
(Np,Nn)
(2, 1)
287 425 434
(6, 1)
201 53 0 40 0
(2, 3)
(4, 3)
(6, 3)
(2, 5)
430 3 06 4 02
(4, 5)
374 320 3 70
444
Basis(A):pr oto ns andn eutro n shf5/2Pl/2g9/2
(6, 5)
420 348
(Np,Nn)
(Np,Nn)
(1, 2)
26 7 469
(1, 6)
20 7
283
566 2畠4
(1, 3)
(2, 3)
(1,4)
481 246 535
5 64
Ba sis(B):pr oto ns(ん2Pl/2g9/2), ne ntrO 皿Sk7/2d5/2)
(0,5)
447 45 9
(Np,Nn)
(Np,Nn)
(1, 4)
374 ∫∂7
(3,4)
27王手
278
62 0 330
(
'
4
,
1) (2,4)
632 253 428
(4, 3)
∫Jβ
Ba sis(C):protons a ndneub'on sjn sl/2d3/2hll/ユ
(6, 1)
233 660
(Np,Nn)
(Np,ND)
(2,3) (2, 5) (4,3)
23 1 65 7 238
(5,1)
213 62 8 212
4 72 392
(5, 0) (3, 3)
659 349
Basis(D):proton sg7/2d5乃,Jl etltrO n S Sl/ユd3/2hLi/2
498
449
(Np,Nn) (14,1 3) (15, 12)
78 1 18 3 610 3 33
gate symmehy to obtain the fully antis ymm etric w a･ve fun c
-
tio n swith r espe ct to an e xchange oftw o par ticle s･ T he an-
gular mom e nttl mfor e a ch stateis giv enbyco uplingS andL ･
Table Ⅳ presen ts the nu mber of I
- 0 states fわr two pro-
t o n sandtw o neutronsin thep shella ndthesdshellwi thall
possible orbitalsym mebies･ Fro m TableエⅠ, on e obtains the
geo m etric pM for the I
- T- 0 state s:PMis
-書fo rthep shell
and -誉for the sdshell.
using a T B R E Hamiltonian, we obtain the following
probabilities forspin-I gro und state s: Fo r1 00 0run s, o ne
obtains48 5and 3 65r un swith(I,I)-(0,0)gr o tmd statesfor
8
Be and
20
Ne
,
r e spec
l
tively･ T hisis consistentwith the re sult
[1,8]ofthe I- T- 0 g.a. do mina nce in the presen ce ofr an-
dom inte ra ctio n s･ T he aver
.
age v ahe of PM fo rthe(I,I)
-(o,o)g.a. that we obtah lS
- 1･2 6(the ge ometric valu eis
一
言
- - 1.2 0) an い 1･6 6(the ge om etdc value is -欝ニ ー 1･0 5)()
I
forthe p shell and the sd shell, respectively･ The ave r age
valtLe Of PM fo ra T B R且 fla miltonian andthe c o rresponding
ge ometric valu e arevery clo s et oeach other fTorthe p shell,
indicat 皿gthat α
- cluste 皿 g COrr elatio nis notfav or ed byran-
dom interaction s. Fo rthe ca s e ofthe sd shell, the a v erage
Ⅴalー1e Of PM for aT B R 且 Hamiltonian deviates siz ably 丘o m
itsge om e出c value .
To che ck whether th is deviationbeco m eslargerfor
-
large r
shells, we calculateth弓ea S e Oftw o protons andtwo nelltrO n S
in the sdg shell, fo r which w e obtain ed 3 85case swith
(I,刀 -(0,0)gm md.states am o ng10 0 0sets of T B R E Ha miト
tomians . T he average PM Value for the s e state sis
-0.6 29,
while that obtained by ass uming a ra ndo m o rbitalsym m etry
is -i, which is clo s eto the above v alu e･
工tis als o 血terestingto study the distdbutio n ofove rlaps
bet we entheI- T- 0 BrOt md state obtain ed 丘o rn the r eal istic
interactio n s a nd tho s e obtained by pure rando m 血tera ctio n s
o rもy a c omb 血ado n ofr e a五stic 皿drando m 血te rac也ons ･ As
a ne x ample, w e discussher ethe ca s e oftwo proton s andtwo
neutro n sin the p shellwhere the real isticinterac也onis cho -
s en a sthe Cohe n-Kurath inte r ac tion. Wethu sde血 e aHamil-
to血a皿
H - (1 - 九)HTB RE＋九ガrc al. (6)
nere 九 - 0 coITe SPOnds to the pure T B R E Ham山 onian and
九 - 1 c or re sponds to the re alistic Cohen
-Kurath intera ction･
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TA B L E I V. T he 皿 mber of l= O statesfo rtw o valen c eprotoェ1S
andtw o v aleJICe n etltrO n Sin 也ep shelland 也e sdshellwi血 de丘
-
nlte sym m etry wi threspe ct to ex cha nge orbital degre e of #eedorn
oftw opa rticles and the c oITeSpOJld ing c o njtlgate Symm etry wi th
r espe ct to ex cha nge spin
-isospin(S - I)degre es of &e edo m･ L isdie
totalo rbitala ngular m o m eJItn m and S is the totalspin･ Thelast
c ohm nglV eS nt mber of the1
- 0stateswi 也 T- 0･
S I- 0 1= TgO
The p shell
[4]0,2,4
[31]1,2,3
[2 2]0,2
[21 1]1
[4]04,25 ,3 ,44 ,5,62,8
[31]02,14 ,27 ,36,45,53 ,62 ,7
[2 2]03,1,25 ,32 ,43 ,5,6
[21 1]1S,23 ,35 ,42,52
[11 11]I,2,3
0
o,1
2
o2,1,2
o,1
3
,2
T he sdshell
O
o
,1
2
o2
,1,2
o
,1
3
,2
0,1,2
0
o2
o
3
o3
o
4
o10
o12
o18
o
2
0
0
o
2
0
o4
o4
o8
o5
We willvary 九in the range 丘
･
o m 0to1, corre spondingto the
sitEIatio n ofⅡmcle arfo rces with differen tmixtu r esofrandom
nO IS e.
The re sl山 s for 九- 0, 0.3, 0.5, 0.7, a nd 0.9 are show n in
Figs . 3(a)-3(e). T he e rro rbars indicate the statisticale rro rs
in dete rmin 皿g the nu mbers, de丘n ed by the sqt1 are r ootOfthe
num ber of c o un ts for ea ch bin . Fo r cas e(a) with 九- 0 o n e
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FI G. 3. The o v erlapsbetw e e ntheI
- T-0grotmdstatesfortw o
proto n s andtw o n etltr On Sin the p shellobtain ed by Cohen
- KIV ath
htera ctio n s and tho s e obtain ed by the Ha 皿ntO 皿ian ヱq.(6).(a)1e)
coIT eSpO ndto 九
- 0, 0･3, 0･5, 0･7, and O･9, r espectiv ely･
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FIG･ 4･ Av erage o v e rlapoftheg･s･ oftheHa milto nian of Eq.(6)
with 也at of the r ealistc 土iami 1to nian as afun ctio n of the m Ⅸ mg
par a m ete r^ ･ Thelin eis plottedto guide the eyes.
s e es也at血e ove rlaps dis出btlte
"
randomly
”
丘o 皿 Oto1. T his
sug ge sts thatptlr erando m inte r actio n spr oduce
"
ra ndom
”
ove rlaps of the I
- T- 0 ground states with the realistic
gr o n ndstate･ 比 ow eve r, fo r九> 0.5, theI
- T- 0grol皿dstates
are clo s eto that ofthe re alisticintera ctions for m ost of the
c a s es･ T hisis espe ci ally cle ar&om Fig･ 4, wherethe overlap,
averagedoverthedifFe re ntHami 1to nian sin the e n s e mble Eq･
(6),is plotted ver stlS九. T he statistical inac c u ra cie sareindi-
cated bythe er r orbar shlthis figtue . Fo r v alu e sof 九exce ed-
ing O･6, the overlapis very clos eto u nity, while fわrlarge r
ad miⅩtnre s of the r ando m c o mpo n e ntin theinterac tion, the
overlap de cre ase s ap pr o xim atelyline arly with九. T his tre nd
ha s al the s lgn atln
'
es Of a s ec o nd- order phase tran sition.
Only fo rlimited m agnitude of the ra ndo minte r a ction does
theg.s. ha ve a real istcst m c ttue, which bre aks do w nwhen a
cd也c alva血eis ex ce eded.
V I, J)1S C U S S10 N A N D S U M M A R Y
T hepre s e ntpape rw asstim ulated bythe disc overy of the
spin
- z e ro gr ound
-state do min a nce(0 g.s.) of even fe mion
syste ms[1] and boso n system s[2]in the presen ce of the
r andom two -body ens emble(T B R E). T his disc overysparked
ofFa stld den 血terest in many
-body system s under the T B R B.
工t als oled to e xt en sive studies ofothe rphysic al 甲1a ntities
[4], sllCh as en e rgycen tr oidof fix ed spin state s, c ollectivity,
et c. T he p11叩 OS e Ofthispaper wasto studythe robu stn e s sof
s om e featw e swhich are we皿 kn ow nin n n clear physic sbtlt
have no tbee nsttldiedlmder the T B R B.
First, w e calculatedinSee. Ii the paritydistributio n ofthe
g.s. for a T B R Ea milto nian . 工t wa sfoundthatpositive par-
ib,is do min antfor the g.s･ ofsyste m switheven n u mbers of
valen ce protons and ne u tr ons . Fo r odd-A and dm bly odd
syste m s, the T B R E Hami1tomian le ads toground states with
c o mpa r able pr obab nityforbothpo sitive and n egativ eparity.
T hisis similarto the globalstatistic sfor realistic ntlClei wi th
A > 70(referto Table 工)･ Unlike the spin -0 g･s. dominan ce中
the pre s ence ofr andom intera ctio n s, the do minan ce ofpo si-
tive parityin the ground states ofeven- e ven m clei has not
be en pointed out explicitly so fa rt Sin ce parity is a mu ch
simple rqu antity than angular m o m e nt u m, a n understa nding
ofthe paritydo min a nce ofeven- eve n systems m aybe help-
fu l in Ⅶnde rstanding the spiかO g.s. domin an ce ofeven- e v en
n u clei in the pr e sence ofra ndom intera ctio n s.
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Seco nd, ot汀 hve stigationshowedthat the s enioritydistri-
butionfor the g.s. ofsd･ shel nu clei is n ot do minated bylow
s eniority co mponents, co ntraryto the sittl ation for realistic
n uclei. Ourhve stigation also stlggeS tS thatthe c o rrelation
betw e e nthe w ave 負mction ofthe spin
-0g.s . fo rA 皿 Cleo ns
and thatfo rA ＋2 nu cleo ns dis c u s s ed in Ref･ [8]sho tLldn ot
be Ⅶ1de rsto od as a皿 血dication of the domin an c e ofthe se-
nioriq' zero c ompo nent･
T hird, the domin an ce of n egative speclr o scopICquadru-
pole m o men tsat the begiming of the shelland positive
quadrupole m o ments atthe e nd of the shel is als oobse rv ed
in the g･s･ obtained by usmg the T B R E inte rac tionsI T his
sihlatio nis sim山ar to the prediction obtained 舟o m a simple
har m omic- o s cillato rpoten tial. This m e an s that the T B R E
Hamilto血ans do n o tle ad to a皿 OV erall do m血ance of 血e
pr olate deform ation ･ llow ev e r, alsoin r e alistic nu clei a
dominance o
.
Iprolate defor matioll is obs erv ed whe n both
vale nce proto ns a nd n e tltrOnS are h the Rrsthalfo
･
fa m ajor
shell.
La st
,
w e studied the α-clu steri ng CO relationby calc山a ト
mg the e xpec tatio n vahl e Of the Majoran a operatorin theI
- o, T
- 0 g･s･ of T B R E inter a ctio n s･ We also calculatedthe
o v erlaps bet we enthe I
- 0) T
- 0 gro undstate s ofthe T B R B
Harniltonian and the groundstate obtained &o m realisticin ･
teractions. Our calculations o n
8
Be and20Ne show ed thatthe
α - clus teringstru ctureis notfavored by a pl∬e T B R E Hamiト
to nia n. 工tis interesting to n ote that, as a免m ctio n of the
admixtur e ofarealistic Ha miltonian to aT B R E Eamntonian,
P H YSIC A L R E V IE W C 70, 05432 2( 0 04)
a s econd-o rder pha s etransitionis obs erv ed. For Hamilto -
nians thatc on tainless th
'
an - 0.4 admixtwe o.Irando m血ter_
actio n s
,
the stnlCtu re Ofthe g.s. is closet o the r ealistic cas e,
butfo rhigher ad mixtw es the o verlap with a re alistic wave
血皿Ction bec om es progressively w o rs e.
h con clusion
,
w e have observed in this paper the do mi-
n anc eofpositive parityin the grot凪d states of eve n- eve n
n ucleiin thepresenc e ofpurer a ndom tw o -bodyinteractio ns.
Be c atlSe Padtyis intrinsical ly a simpler qTla ntu m nu mber
tha nangular m o men t um,it will bein te re st mgto unde rsta nd
the m e chanism for this. h additon
,
itha sbe e nsho w n that,
even thoughthe quan tu m n u mbers
'
for the g.a. are re alistic,
the dyn amical properties of the ground states tmder the
T B R 五Hami 1tonian , su chas se niority, which is a signatu re of
pa n g c orrelation, the α ･ clu stering probabilit es, and the
･
LSlgn Ofqu adrupQle m o men ts, are 血 sharp disagreem en twith
those ofrealistic n uclei.
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Illthis paper w e study the behavior of elle11
･
gyC e.ntr Oids(de n oted a sE))ofspin Istatesillthe pr es ell C e
ofl'a ndo m tw o-bodyintera ctio n s, fol
･
Syste m s rまulgingfro m v ery simple syste m s(a.g. , single-jsherll fo r ve ry
s m allj)to v eり′ CO mPlic ated systelm S(e･g･ , m any-jshells with dift
'
erentpiuitie s iuld wi th iso spin de･gre e of
fl
･
e edo m)･ Regularitie s of訂 sdis c uss ed infen n s of the s o- c alledgeo metric cha oticity(o rqu王ISi-r ando m n e ss ｡f
tw o-body c o efacie nts of fra ctio nalpar e･ntage)ine arlier w o rks ar efo u ndtohold ev enfbi. V e rySilnPle syste m s
in which olle C a皿 Ot aS S 皿1 egeo m etric cha oticity･ Itis sho w n血at thei11Clusiol1 0f is o spユ11 iuldparitydoes n ot
‥
bl. eak
”
the regularitiesof EI
'
s
.
D OI:1 0.11 03/PhysRevC .7 1.017304
Low -lying spectr a of m a ny-body syste m s wi血 'q l e ve n
n ulTlbel
.
Of pal
'ticles w e1'e e xamine.d by JollnS On, Be rtsch,
･TuldDeanin Ref･[1]by using1
.
a ndol ntw o-bodyintel
･
aCtio ns
(T BR軌 Tlleir1･eSults show ed aprepo nder(Tul C e Ofspinp
a巾
-
0＋ gro u ndstates･ M anyefFortshavebe en made to undel
･
Sta nd
this v e･ryln tereSt111gObse rv atio n a ndto studyother regularities
ofm a ny-bodysystelT ISinthepr e s enc eofl
･
alldo minteractions.
For in stan ce, st udies of odd- even s [aggerlng Of binding
en e1
.
gュe s, ge n eric c olle ctivity,behavior ofenerg yce ntr oidsfor
sp血 Jstates, a ndc orrelation sb乱V e attraCted 皿 u Cb attelltionin
re c entye王q
l
S. SeeRef.[2]for are c en t revie w.
Am ong m any w ol
'ks along the contex t of regula1
･ities
underthe T B R E liam lto nia n,1
'
egul'Tu
lities ofe nergyce ntroids
(de noted asE)'s) ofspin I states aIE Ve1
'
yinteresting･ We
den oteby7
)3ii)血eprobability thatElis the lo westen ergy
am ong al 1 E]/
'
s. 1t w as sho w nin Refs. [3,4]that7)(I)is
large only whenI = Imil- Or I = Im a x. On e thusdivides the
T B R Einto two subsets;on e sllbs etha sEJ dn .in aS thelo w est
en el'gy, a ndthe otherhasEJ巴ノm ｡ xa S山elow e st en ergy･ We
de丘n e(EJ)也 ((EJ)1n aX)as the valu e obtailled by aver agillg
EI OV er the subset whereE)巴Jm in (EJ 巴J｡, qx)is the lowest
en el
l
g芝+t w as sho wn in Ref･ [4] thatくEI).njn = CI(I ＋ 1)
弧d(E) m a 天 空 C[Im a x(Im a x＋ 1) - I(I ＋ 1)], where C is a
con st a 山depending on the o c c upiedsingle-particle orbits and
the choic e of the en s e mble.
r
rlleS efTe atrtres we re discllSS ed
by uslng the quasi-r alldo mness oftw o-body coe放cients of
fraction alpar e ntage(cfps)inRef･ [4], alld by u sillg Other
statisticalvie wsin Refs.[5,6].
TlePulpOSe Of dlis BriefReportis tor evisitregularities
of E] . We shallsho w thatthe afol
.e men tion ed regularities of
7'(I)
'
s (Tuld(E]).nin
'
s hold e ven for very simple system sin
which one c a皿 Ot aS S u m ethat tw o-body cfps are random .
Pre viotl SS tudies of E] u nder r ando m t w o-body intera ctions
havebeen res trictedtoidenticalfermio n sin one -jshellort w oj
shells. He re w eshallextendthe st udy of E] u nder1
･
alldoITl
intera ctio ns to syste m s of m anyjshels withtheillClusio nof
parity <Tuld/o1
'
isospln .
055 6-28 13/2 005/71(0)/017304()/$23.00
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ln dlispaper w eu s e thegen eralshellm odel上1ami lto nia ns
d 劫edin Ref･[2]a ndtakethe T B R EofRef･[1】fortw o-bocly
･n atrix ele m ents･ 石 and7フ(I)fol･ "土”paritystates al･edell Oted
by EJ土 a nd ア(Ii), l･e SPeCtiv ely･ Tle n u mber ofpal
･
ticlesis
de n oted byr2･ P1
･Ot O n(ne u h･on)degre e of fl
･
eedo nis denoted
by
"
p
' '(”nn). Ourstatisics arebas ed on1000sets oftheT BRE
flamiltonia n.
Webegin withsimple syste m s, thatis,fe 皿io nsin as mall
singlejshell(j <7/2)and boso ns withaimallspinl･ First w e
stttdyfe mionsin nj - 5/2or7/2shell･ Elfortb望fe mio ns
'
w er e
.
giv?nin Eqs･ (2･1) and(D l) of Ref･ [7]･ E) forfour
fe rm l O n S l n aj - 7/2shellc anbe obtained based onEq.(5)
ofRef･[8]･ 7)(I)
'
s obtailled by usingthe T BRE Hami1tonian
and thoseby applyingthe e mpiricalrule ofRef.[7]areplotted
弧dcoIIIP<V ed inFigs･ 1(a)-1(c), where re as onable agreem ent
is a 血 eved･ On e sees血at ア(I)'s苧e la rge forI = Imin O r
I 竺 I
m a x ,
ex c ept that tlmipattem lS n ot Ve1
･
y s triking for
Fig･ 1(a) whel･e there are o nly thre e訂 s givenby three
t w o-body m ah
lix elem?nts･ Fo rj - 7/2, P(I)
'
s ar eSm allfor
"
mediu mn 1.
Let u slo ok at(EJ)mi1'i W lich 've obtailledby av eraging
EJ OVel
･ the subs et
†
with EJ-JIB .jn being thelo w est e nerg y. We
plot(El)min
'
s fol. ” - 3 widlj - 5/2, ” - 3 withj - 7/2,
andTl - 4
N
wi 血j - 7/2in Figs･ 1(a
lト1(c/), l･eSPeC tiv ely. We
s e e that(EJ)mi.-
'
s are appro xim atelypl
･
OPOrtion altoI(I ＋ 1).
Now w estudyboso nswiths n allspinl･Tlle C ase Withl - 1
(pboso ms)canbe easilyundersto od:Ti1er eis onlyonestatefor
each I;7)(I) - 50 %forI - Imin o r1 - Im a x, fund7)(I) - 0
fo1･ O ther1values;雷Tfollows the El - CI(I 十1)relation
pre cisely.
As fori - 2(d) bosom s, we predict7⊃(I) values f
l
o r
n - 3, 4, 5, a nd 6 by applying the e mpll
･
1Cal r ule of
Ref
･ [7] and co mpare the m with those obtailled using
the T A RE Hamiltollia n inFigs. 2(aト2(d). Figur es 2(a
l一
2(d
′
) plot(E) man V ers u sI(I ＋ 1). A linear coITelatio n
betwee n thes e two quan titiesis e asily llOticed. Bec a u se al 1
elge nValu es of d
-bo s o m systems a re kno wn, one c a n study
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spinI I(/＋1)
FI G･ 1･ P(I)
'
s 皿d(EI)-nin
'
sfo rth･eefelmio n sin ai - 5/2 o r
7/2 she.ll, aJld fo rfoL u
･ fe.=mio11Sin aj - 7/2 shelI. (E[)I,ljn
'
s 王u
.
e
obtainedbya v el
'
agingo v erthe s ubs etof EIeflmj.I. 伽 e se e･sthatP(I)'s
iu
.
e･liu･gefわrI = I..liniuld I空 Iln aX, eXC ePtinthe cilSewithT7･ - 3 皿 d
j - 5/2 fol. Whichth1'e e･ State S 之u-e giv enbythre e rluldo mtw o-body
intella Ction s･ A go od ag1
-
ee m elltbetw e･e.A 7)(I) obtained using the
T B R 玉古ami 1tonian andthatusing the･ e mpi ric alr ule of Ref. [7]is
e a silyse e･n ･ T hedotteld line･sin(a
/
ト(c
/)a1･eplottedtoguidethe eyes.
7)(I) and die C
.
O rl･ ela tio nbetw e n (訂)I-血 alld I(I ＋ 1) at
a m o l'e S OPhistlC ated lev el･ Fl
･
O m Eqs. (2.7) m d(2.8) of
Ref.[7], w ehav e
百 - - .去(10c2 - 7co - 3c.)
M 1
x 'u(1'＋ 3)＋ 詔(c4
- C2)I(I＋ 1)･ (1)
Equatio n(1)sho ws tllat there ar eth･e e te rm sinthe石 's:Tlle
丘1･Stisjusta constantand thes econdisrelated to ”(” ＋ 3), 血e
dilTeren ce ofwhichbetw ee皿n eighboriligIislargeforlo wIand
is negligibleforI ≫ Imin;tile tllird olleisI(I ＋ 1), w比ch is
sln allforlow Iand be co m esdo m血a ntfo1･largeI. Thus7⊃(I)is
s en sitive モo血e v alue ofv(” ＋ 3)onlyfb1･1ow I. Le t llS ev aluate
C illtheforlm la(訂)m a x空 C[Im ax(Im a x＋ 1) - I(I＋ 1)]for
d-bosoJI SyStem S･ A simple ass u mptionhereis(c4 - C2) <0.
TlleCv alue Ca nbe e valuat ed by av er aging去(c4 - C2)tlndel･
s u ch･a requl 柁m e nt:
c -去×2 ×遠浅t
00
x e
- 卓dx
l
≡ ‾
テ滞
空 ‾ 0･0806･ (2)
nle Value of Cobtain ed bytlSu lg the T B R E Hami1to nianis
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P(I)'s iul e･hu･ge whenI = Il nin O rI = Il n a X/”(I)
'
spr edicted byu sing
the ernpln C alrule are r e as o n ablyc o n sitentwiththo se obtain edu sing
the T B R E Hiullitolliiul･ (EI)-bin 's ofthe s e syste m s ar ePropo rtio n al
toI(I＋ 1)with au ctllatio n s.
Eq･(2)and thoseobtain edbythe T BRE Hami1toni弧 CO m e S
f1･O n the co mplexity of”(” ＋ 3), which c a nbe fo1･m ulated
adalyticallyfor anyI･
1
No w wec o meto system s ofm anyjshells withthein clusion
ofpal
･1ty･ Let us e xe mplify by a syste mwi血 fou ride ntic al
nn cleon sill tW Ojshells:ji
W
- 5/2＋ andj2
7r
- 3/2
-
. Figure3
plots o ur calculated ア(I土)in te n s Of I士 a ndくEJi)min
in
_
t er m s of I土(I土 ＋ 1)･ On e sees 血aLboth P(I
土) a nd
(EI土)min behave si mi1al･1y as7フ(I) and(EJ)min in Ref. [7].
The P(Ij=)'s predicted usingthe empiric al ru1e･of Ref. [7]
are reas onably c onsi tentwith those obtaill ed n u mericaly
usllg the TB R E Hami1to血an･ Acco1
･
ding to o ur statistics,
∑1＋ 7?(I＋) - 41･3%, wherea s∑J _ ア(I
-
) - 58.7 %; C十 =
0.0372j=0.001 7a nd C
-
≡ 0.0359 i=0.00 29. nle S eC土 val_
u es 'v e clos et o thoseobtain ed for d3/2d5/2 She11s･ Forfour
identicaln ucle o皿Sin d3/2d5/2 Sllells, C - 0･0401j=0.0017.
This suggests that the relation(EJ土)血 = C士I土(I土 ＋ 1)a nd
the v alu e of Cal･e n o t se nsitiv eto parity Of single -particle
levels 血 血 e m odelspace･
1we ciul S e ethispo mtfr o mthef
･
o11o w mgn um erical
Letustakethe subsetwhere
e xperim e nt.
El巴Im n . ひXisthelo w e･sten e1･g y,andconan e
o u rdata of EItOlargeI ca s es whe rethe c o ntributio n鉦o m ”(i) ＋3)
is s mall. T he v alu e of Cs u ch obtained is w ellc o n sitent withthat
predicted by u singEq･(2)･ For e x a mple,ifw e adoptonlyIa 55 for
a - 3 3, C - - 0･0814 6 j=0･00 191 fo r(EI)朋I n aX.
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iuld I(I ＋ 1)holdsfol'bothpo sitiv e and negativ eparitystLLteS Ofthis
simple syste肌 with C
士
v e･ryclosglLo e a chothe r.
We n e x t S tudy m any system s witll theinclusio n ofisospln
degre e off1
･
eedoln･ Figtll
･
e 4presen ts afe w typicalex am -
ples of7)(I) and(E])min t We s e ethau7?(I)islarge･only
when I 空 I
mhl Or I 空 Il､､aX , <Tuld that(El)m h 巴 CI(I ＋ 1).
Acc ordi昭 一O Our C孔1cula血n s, C - 0･0354 土0･0 03,
0.034 1 土0.0001,0.0350土 0.0001, 弧d 0.0341 士0.0002fb∫
(n･p , nn)=(4,4), (4,5), (4,6), a nd (6,6), r e spe ctively, in
sl/2d3/2d5/2 Shells･ C - 0･0331 土O10002,0･0331 土0･0 01,
and O･0338 土0･0 01 for(
'
1
･
lp , nn) - (2, 4),(4,3), and(4,4),
r e spe ctiv ely,in丘ctitio ustw o-jshellsd3/2d5/2･ Cvalues al
･ev e ry
clo s et o thosegive nbythe e mpirical fo r-l a C = 1/(4=t･j[?-)
sug gested o n血ebasis ofnu mericale xperim en tsin Ref.[4].
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P(I) 皿 d(E])｡､b, for afe w system s with both v alen c e
n e.utl'O n S andpro(o n s.
Wehaveals o studiedsyste m s thatincludebo血parity a nd
isospln･ Our res ultsprese nt similar regularities 弧d sug gest
that C士 v alu es are se nsitiveto J Shells butn ot sen sitive to
particle n u mbers, n o r t ortheis ospilldegree off1･e edo m.
Now w edisctlSS thefor m ula ofE/ obtainedinRefs･[5,6]by
ev alnatingtheCvalu ein(E) .dn etCI(I ＋ 1). The c oef&cient
ofthe tldrdter min Bq.(9)ofRef. [6]is aGaussian r and. m
. n tlmbe rwi血wid血
E,((2 J ･ 1,
3(J(J＋ 1) - 2j(j＋ 1)))
2
1n志 ./＼
＼‾ー ' -I 2j2(j＋ 1)2(2j＋1)2
3(1408j6 ＋864j5 - 4296j4 - 512j3 ＋ 5688j2 ＋ 558j - 945)
560j4(j＋ 1)4(2j＋ 1)3
Onel e e Sthato
･
o(r5/2 wllenj - ∞ . The co efacient C
in(E])mit. - CI(I＋ 1)isgive nby o･ × .､句有 . The C value
based on Refs･ [5,6]is 血erefor epl
･
OPOrtion al
.
i
.
o 1/J7f at
thelarge-jli mit･ Ti1isis differentfrom the empl∫1Calfo 皿 ula
C = 1/4j21 Jn Table 1 w elist afew C values obtain ed by
diffel･e nt m ethods･ Ⅷis table sho ws thatthereis a system atic
discrepan cybetwe e n thepredicted C - J27gq witllP･ given
byEq･(3) and血 atobtainedby usingthe T B R E fiam1to血an.
There a s on fo rthisdiscl･epanCySbo nld be clari丘ed inthe 如 ure.
To s u m marize, in this paper w e have s rtldied en ergy
centroids ofspin 1statesillthe pres e n ce ofl
･
a ndo m tw o-body
interactions･ First, w eha v e shown 血at山el･egularities - P(I)'s
are la rge only when I = IIniu Or I 巴 Im a 又, alld (E])血 =
(3)
I(I ＋ 1) - holdappro xim ately evenfol･ Ve ry Simple syste m s
in which cfps ca皿 O tbe asu m ed
山
ra ndo m･
=
TlleSe Simple
syste m sin cludefermionsin aj - 5/2orJ
'
- 7/2shel,I = 1
(p)boso ms, andl - 2(d)boson s･ Wepoint out血at, although
血es eregularities ofenergycen t1
･
Oids ofspinIstate s aren o ticed
a nd argu ed inRefs･[4 J], asou ndu nders t anding ofE)is no t
yet a vailable･ T he argtlmell[s of Refs ･[4- 6] mightbe partof
血e stol･y, a nd ther{Tuldom ness ofcfpsis n o亡the u mque o ngln
ofthese regularities.
Se co nd
l
W eln v eshown that the these regularities 孔re als o
robustwitll the inclnsio n ofparity 弧 d/oris ospin :7)(I士)
'
s
arelarge o nly whenI
土 = Ilnin Ol
･
I
士
ニ J
ln aチ･
and(茄
一
)m h =
C士I士(J士 ＋ 1)･ C士 is not s ensitive t oparl上y Orisospinbut
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T A B L E I･ The c o e托cie nts C fo r a single-,/
l
shell. The coltllm
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T B R 玉
' '
is obtain ed by 100 0r皿 S Ofthe T B R E Hami lto nian.
T he c olu n n
"
Empirical
”
is obtained byther simplefo r m ula1/4j2
s ugge･sted ill Re.f･ [4]･ T he c ol 皿
‥
Z-K
”
is obtained by the
fon-1ulasgivenin Refs･ [5,6]･ Be c aLISeC is n ots en sitiv e･top之n
･ticle･
11L血ber n, allrelS ults ill
.
eglV e.n by ” - 4. Itis n otedth[t C valu es
obtain ed by the fon n ula of Re.i
-
s･[5.6]are sy te m atic王dly s㌣aller
也 弧 (abo ut70-80 %of)也e
‥
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2j T B R E Empirical Z-K
9
l l
1 5
21
27
0.013 74
0.0082 6
0.0 0474
0.0 口231
0.00 131
0.012 35
0.00826
0.0044 44
0.0022 68
0.00ユ372
0.01026
0.00 690 7
0.00 360 4
0.00 1712
0.000 963
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is se n sitive to the valu e ofj･ We llOte Withoutdetailthatthis
patte m also holdsfol
･
tw o-bodyraJldo min teractions that al･e
uniformlydistributed.
Finaly, w ew o uld liketo m elltioll tw o WO rks o n the enel･gy
ce n troids and other tr acequ antitie ss u cha sspe ctralv arian ces.
h Ref･ [9] Velazquez and Zuker u s ed ene rg ycentroids and
spectralv ariEul Ce S t O Obtain thelow erbm nd ofen ergyfo rspin1
states in 山e pres en ceOfra ndo m tw o-body 血 era ctio ns. 也
Ref･ [10] Papenbrock and Weiden m u elle r derived the
dish
l
ibution of andthe c o IT elationbetween spe ctralvariaIIC eS
of diffel･en t spin Istates, m d they dis co v e red a coIT elation
betw en spin 1 g- uld-s tate probability a nd its spectral
val
･iance m ultiplied byasc alingfactor･ TTl e S eSt udies 乱reV ery
interesting.. and furthe rs tudiesalongtl mi 1 ine al
･e Called for.
We w o uld like to血ank Drs. V. 氏. B . Ro ta and W. Bentz
fol･ discussio ns and co m m u血cations.
[1]C･ W ･ JohllS O n. G･ F･ BelrtSCh and D. JI Delul, P hys. Re v. Lett.
80,2 74 9(199 8).
[2]Y･ M ･ Z ha o, A･ A 血a, iuld N ･ Yo血 inaga, P hys. Rep. 4 00. 1
(200 4).
【3]A･ A dm a, N ･ Yo shin aga, iuld Y･ M . Zha o, Eu r. Phys. ∫. A 13,
105(20 2);N･ Yo shill aga, A ･ A rim
,
i, a nd Y. M . Zla O,J. Phys .
A 35,857 5(2 002).
[4]Y. M . Z ha o, A. A dm礼 皿 d N . Yo sh inaga, P hys. Re v. C 6 6,
06432 3( 002).
[5]D･ M ulhall, A･ Volya, a nd V. Zele vin sky, Phys. Re v. Le･tt. 85,
4016(200 0).
[6]VI K ･ B･ Rota a nd K･ Kal･ ,Phys. Rev. E 6 5,0 261 30(2 02).
[7]Y･ M ･ Z ha o, A ･ A dm a, a nd N. Yo shiTlaga, Phys . Rev. C 66,
0 343 02(20 02);66,06432 2(0 02).
【8]Y･ M ･ Z ha o and A･ Alim a, Ph)′s. Re v. C 6 4,04 13 01(2001).
[9]V･ Vela zqu e z and A･P･Zuker. Phys･ Re v･ Lett.88,07 250 2(
'
7
_0 02).
[10】T･ Papenbr o ckiuld a A･ Weide n m tlel r, Phys . Re v. Lett. 93,
1 3250 3(2004).
01 7304-4
78
